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ABSTRACT 


ENVIRONMENTALLY  SEALED  SGAs 


A  shield  ground  adapter  (SGA)  is  a  device  util¬ 
ized  to  establish  a  360“  low  impedance  electrical 
connection  between  a  cable's  shield  and  the  ground 
structure  through  which  the  cable  passes.  This  low 
impedance  connection  is  designed  to  reduce  and/or 
eliminate  EMI  and/or  EMP  problems  by  shunting  high 
level  currents  into  the  systems'  ground  plane.  This 
paper  wi 1 .  discuss  the  measured  EMI  performance  char¬ 
acteristics  of  an.  existing  (spring)  technology  SGA 
and  a  new  technology  SCA  that  utilizes  a  recently 
developed  smart-soldering  technique  and  an  improved 
cable  shield-to-SGA  connection  method.  Over  one  year 
ago,  one  new  construction  nodel  of  each  SGA  was 
installed  on  the  deck  of  a  I.S.  naval  ship.  This 
paper  will  discuss  the  a.c.  uhd  d.c.  EMI  measurements 
that  were  conducted  on  the  SGAs.  The  measurements 
were  conducted  both  before  the  installation  and  one 
year  later,  after  being  exposed  to  12  months  of  a 
harsh  marine  environment. 

BACKGROUND 

A  metallic  boundary  is  typically  established  by 
EMI  and  EMP  personnel  to  protect  electronic  equipment 
from  high  level  electromagnetic  fields.  These  fields 
can  be  created  in  peacetime  by  lightning  and  nearby 
communication  transmitters  or  in  times  of  conflict  by 
an  Electromagnetic  Pulse  (EMP).  In  certain  instances 
it  is  necessary  to  have  shielded  signal  cables  tran¬ 
sition  this  metallic  boundary.  It  is  estimated  that 
over  80  dB  of  attenuation  is  required  at  such  inter¬ 
faces  to  reduce  the  hundreds  of  amperes  of  current 
that  could  be  flowing  on  cable  shields.  One  method 
of  preventing  electronic  system  damage  is  to  shunt 
these  currents  into  the  system  ground  plane  at  the 
point  where  these  cables  pass  through  the  grounded 
metallic  boundary.  This  can  be  accomplished  by 
employing  devices  referred  to  as  Shield  Ground  Adap¬ 
ters  (SGAs).  This  type  of  protection  may  be  required 
at  the  tops'de-to-below  decks  interface  of  a  ship  or 
the  external-to-internal  interface  of  a  building,  or 
the  compartment-to-compartment  interface  between 
isolated  below-decks  spaces. 

Early  EMC  work  on  FFG-7  Class  platforms  indi¬ 
cated  that  EMI  energy  was  being  coupled  into  below- 
decks  areas  by  currents  flowing  on  cable  shields. 
These  currents  were  producing  below-deck  environ¬ 
mental  levels  exceeding  the  "normal"  environmental 
levels  assumed  by  MIL-STO-461  for  electronic 
equipments.  Initial  efforts  to  reduce  these 
below-deck  field  levels  by  grounding  cable  shields 
produced  significant  reduction  of  below-deck  field 
strengths.  These  reductions  came  in  spite  of  the 
temporary  and  unsophisticated  nature  of  various 
grounding  techniques  initially  utilized  to  connect 
the  cable  shield  to  the  ship's  hull.  Military  speci¬ 
fications  [l]  for  electronic  equipment  now  recommend 
the  use  of  SGAs  to  reduce  cable  shield  currents. 


EARLY  SGAs 

Figure  1  illustrates  the  evolution  of  cable 
shield  grounding  devices.  The  earliest 
environmentally  sealed  SGAs  utilized  ballpoint  pen 
style  springs  that  were  connected  end-to-end  around 
the  signal  cable's  shield.  These  springs  were  then 
compressed  against  the  signal  cable's  shield  to  shunt 
EMI  currents  into  the  system  or  platform  ground 
plane.  This  type  of  SGA  utilizes  a  spring  member  that 
encircles  the  shield  of  a  typical  R.G.  cable.  This 
spring  member  is  then  mechanically  compressed  when 
assembled.  The  operational  performance  of  this 
grounding  device  is  directly  related  to  the  contact 
force  between  the  shield  and  the  spring  member.  The 
essence  of  this  type  of  device  is  maintaining  a 
certain  amount  of  contact  force  that  yields  a  certain 
level  of  transfer  impedance  (Zt).  There  exists 
several  modes  that  can  and  do  degrade  the  performance 
of  these  devices.  The  level  of  performance  (Zt)  is 
directly  related  to  the  contact  force  between  the 
shield  and  the  spring  member.  Typical  shipboard 
cables  such  as  R.G.  214  have  a  dielectric  inner, 
which  can  cold  flow  due  to  excessive  compressive 
force  of  the  grounding  spring.  If  this  cold  flow 
phenomenon  takes  place,  the  contact  force  between 
cable  shield  and  spring  contact  will  change,  possibly 
affecting  the  performance  of  the  signal  being 
transmitted  along  the  cable. 

It  was  suspected  that  the  EMI/EMP  performance  of 
this  compression  type  of  SGA  would  deteriorate  with 
both  time  and  environmental  influences  due  to  its 
spring- to-shield  pressure  method  of  achieving  the 
necessary  360“  contact  between  the  cable  shield  and 
the  system  (or  shipboard)  ground  plane.  The 
suspected  problems  with  this  type  of  pressure 
sensitive  shield  contact  became  the  basis  for  the 
Navy  investing  in  research  and  development  into  the 
grounding  of  shielded  cables  and  conduit. 

Reference  2  delineated  the  short-term 
performance  loss  that  was  measured  for  an  existing 
spring  compression  technology  SGA.  The  SGA's 
performance  deterioration  after  6  hours  ranged  from  8 
to  22  dB,  over  the  frequency  range  from  l  MHz  to 
40  MHz.  This  performance  loss  increased  with  time 
such  that  after  24  hours  the  performance  loss  ranged 
from  13  to  34  dB. 
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Figure  1:  Cable  Shield  Ground  Evolution 


NEW  TECHNOLOGY  SGA 

In  a  combined  effort  between  the  Naval 
Underwater  Systems  Center  (NUSC),  G  4  H  Technology 
Inc.  (G  &  H),  and  the  University  of  Pennsylvania 
(UPENN),  an  improved  SGA  has  been  developed  that  wi)i 
maintain  a  higher  level  of  performance  over  the 
lifetime  of  the  SGA,  even  after  being  exposed  to 
hostile  marine  environments.  This  improvement  is  due 
to  the  utilization  of  a  new  method  of  bonding  the 
cable  grounding  contact  to  the  cable  shield  and  to 
the  development  of  an  SGA  that  will  connect  the 
grounding  contact  to  the  system/platform  ground. 

This  new  grounding  contact  is  attached  to  the  cable 
shield  by  soldering  it  to  the  shield  utilizing  a 
METCAL  developed  self-regulating  temperature  source 
(SR/TS)  with  their  solder  strap  connection  system 
[3],  Utilizing  this  technique,  soldering 
temperatures  are  accurately  maintained  at  levels  high 
enough  to  provide  an  excellent  solder  bond  between 
the  grounding  contact  and  the  cable  shield,  but  low 
enough  to  prevent  any  change  in  the  cable's 
transmission  characteristics.  A  paper  by  Van  Brunt 
[a]  discussed  the  mechanical  design  aspects  of  this 
new  technology  SGA. 

nFFll  FOR  LONG-TERM  SGA  PERFORMANCE  EVALUATION 

In  order  to  evaluate  the  long-term  performance 
of  both  existing  and  new  technology  SGAs,  a  new 
construction  mode!  (solid  version  vice  retrofit  split 
version)  of  each  was  installea  at  the  tops ide-to-below 
decks  interface  of  an  FFG-7  Class  Frigate.  This 
would  expose  both  devices  to  the  hostile  topside 
environment  of  a  surface  slr-i  for  over  one  year.  Pre 
and  post  installation  d.c.  and  a.c.  Zt  measurements 
were  conducted  on  each  SGA  at  both  NUSC  and  G  1  H.  In 
addition,  shipboard  d.c.  measurements  were  also 
conducted  on  each  SGA  after  six  months  of  exposure  to 
the  topside  environment. 


PERFORMANCE  VALIDATION  OF  EXISTING  S  NE_K 
TECHNOLOGY  SGAs 

METHODS  OF  A.C.  PERFORMANCE  EVALUATION 

Two  methods  of  evaluating  SGA  performance  have 
been  utilized  during  this  SGA  development  effort: 

1.  The  first  test  method  used  to  evaluate  the 
SGA  performance  utilized  a  shielded  room  to  isolate 
the  SGAs  input  from  its  output.  This  procedure 
measured  input  current  I(in)  and  the  SGA  output 
voltage  between  the  cable  shield  and  the  ground  plane 
v( out).  This  produced  a  V(out)/l(in)  ratio  or  a  SGA 
transfer  impedance,  Zt,  which  was  proportional  to  the 
SGA's  performance. 

2.  The  second  test  method  utilized  a  triaxial 
test  fixture  where  an  internally  mounted  inconel 
current  probe  measured  l(in),  and  an  internal 
connection  between  t)ie  cable  shield  and  the  system 
ground  provided  V(out). 

TRANSFER  IMPEDANCE  (Zt)  TESTING  WITH  SHIELDED  ROOM 

As  shown  in  figure  2,  a  shielded  room  at  NUSC 
was  utilized  to  conduct  transfer  impedance  (Zt) 
measurements  at  frequencies  up  to  30  MHz.  The 
shielded  room  was  utilized  to  el ec tromagneti ca 1 1 y 
isolate  the  SGA  input  from  its  output.  A  high  power 
wideband  amplifier  was  used  to  drive  approximately  A 
amperes  of  V.L.F.  and  H . F .  currents  down  the  coaxial 
cable  shield.  The  SGA  output-side  of  the  cable 
shield  was  terminated  inside  the  shielded  room  by  the 
50  Ohm  input  circuitry  of  the  spectrum  analyzer. 
Because  of  the  very  low  values  of  shi el d- to-ground 
output  voltage  V(out)  being  measured,  careful 
attention  was  given  to  the  test  apparatus  grounding 
configuration.  To  improve  measurement  sensitivity, 
all  the  high  level  "source"  equipment  were  placed 
outside  of  the  shielded  room,  and  the  low  level 
output  measurement  equipment  were  placed  inside  the 
shielded  room. 
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The  SGA  output  shield- to-ground  voltage  being 
measured  can  be  modeled  as  a  voltage  source  with  a 
series  resistance  equal  to  the  contact  resistance 
between  the  cable  shield  and  the  SGA.  At  most,  this 
resistance  is  on  the  order  of  a  few  mi  1 1 i -Ohms .  for 
testing  purposes,  this  voltage  is  a  good  parameter  to 
measure  because  it  is  inherently  immune  to  all  the 
cable  variables  associated  with  using  a  dual  current 
probe  measurement  method.  This  measurement  of 
performance  is  defined  as  7 { out )/ 1 1  *  and  it  can  be 
seen  that  it  has  the  units  of  impedance  (Zt).  This 
unit  of  performance  is  independent  of  the  SGA 
installation,  because  the  shield  impedance  at  the  SGA 
output  will  always  be  s i gn i f icantly  more  than  the 
defined  source  impedance  of  the  measured  voltage; 
therefore,  the  configuration  of  the  output  side  of 
the  cable  will  have  no  significant  effect  on  the 
/'out)  measurement.  Thus  this  7(out)/I(in)  ratio 
provides  a  transfer  impedance  (Zt)  value  that  is 
dependent  on  the  effectiveness  of  the  SGA  shunt 
device  and  independent  of  output  cable  configuration. 

TP ; AXI  AL  yeST  PI  XT  J P £  TRANSFER  IMPEDANCE 
MEASUREMENT  METHOD 

A  test  fixture  was  constructed  at  G  S  H  that 
would  measure  the  SGA  performance  over  an  extended 
frequency  •‘ange  from  10  to  200  MHz.  Th»  fixture 


shown  in  figure  3  was  constructed  to  accomodate  the 
termination  of  a  shielded  cable  whose  diameter  was  as 
great  as  that  of  a  R.G.  319  rigid  coax  (2.5  inches). 
The  fixture  is  a  modified  version  of  a  MIL-SPEC 
triaxial  fixture.  It  is  basically  operated  in  a 
shorted  coax  configuration  with  the  input  fed  on  one 
side  of  the  short  and  the  output  taken  on  the  other. 
The  input  is  coaxial,  externally  loaded,  and 
internally  shorted,  and  an  inconel  current  sensor  is 
placed  at  the  shorted  end.  The  output  section  is 
coaxial,  internally  shorted,  and  externally  loaded. 
The  fixture  resembles  a  stubb  triax  with  the 
exception  of  the  added  current  sensor.  The 
sensitivity  of  this  system  is  approx imatel y  5  nano- 
Ohms  . 

COMPARISON  OF  Zt  TEST  DATA  WITH  PREDICTED  .EMI  MQD£^; 
PERFORMANCE 

For  frequencies  below  30  MHz,  comparisons  of 
transfer  impedance  test  lata  were  nade  between  tne 
triaxial  measurement  procedure  and  the  shielded  noon 
measurement  procedure.  As  shown  ’n  figure  -1  this 
comparison  of  test  data  from  the  same  new 
construction,  fingered  shield  ^ontactor  SGA,  yielded 
SGA  transfer  impedance  (Zt)  values  that  were  with’n  ; 
dB  of  each  other.  This  closeness  in  data  acc^r^ed  'n 
spite  of  the  fact  that  the  SGA  was  tested  ^s-ng 


Figure  3:  G&H  Technology  Transfer  Impedance  (Zt)  Measurement 
Test  Fixture 

completely  different:  (1)  measurement  equipment,  performance  would  be  very  high.  Also,  and  perhaps 

(2)  personnel,  (3)  shielded  rooms-,  v 4 )  test  most  important,  the  model  would  allow  potential  SGA 

procedures,  and  the  data  was  measured  almost  two  improvements  to  be  evaluated  on  the  computer,  thereby 

weeks  apart  on  the  East  and  West  Coasts.  Considering  saving  time  and  money  normally  expended  by  conducting 

all  of  the  variables  involved  with  each  set  of  Zt  SGA  performance  testing.  The  mathematical  SGA  EMI 

measurements ,  the  closeness  of  the  data  demonstrated  model  developed  by  Dr.  Ralph  Showers  and  Mr.  Steve 

a  high  confidence  level  in  the  accuracy  of  the  a.c.  Peters  [5]  also  falls  within  4  dB  of  the  NUSC  and  G  & 

Zt  measurements.  H  test  data  illustrated  in  figure  4.  The  model  data 

and  the  measured  data  is  for  an  early  version  of  the 

In  addition  to  the  measured  data,  the  program  new  technology  SGA.  This  SGA  had  a  fingered  shield 

required  that  an  EMI  model  be  developed  to  predict  contactor  rather  than  the  solid  contactor  ultimately 

the  performance  of  the  new  technology  SGA.  If  used  to  optimize  SGA  performance, 

measured  and  predicted  data  were  reasonably  close 
(within  10  dB)  then  confidence  in  the  measured 


FREQUENCY  (Hz) 


Figure  4:  Comparison  of  NUSC  'Shielded  Room)  and  GSh  (Tria*ial  ri<ture' 
Measurement  Systems  test  Data  Witn  the  iPENN  EMI  Model 
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evaluation  or  The  d.c.  PERFORMANCE  of  existing  and 
NEW  TECHNOLOGY  SGAs 

D.C.  test  configurations 

It  was  demonstrated  in  the  EMC  laboratory  at 
NUSC/NL  that  a.c.  values  of  Zt  were  too  small  to  be 
measured  in  the  shipboard  environment  due  to  other 
nearoy  hull  penetrations  that  caused  EMI  coupling 
between  topside  and  below-deck  areas.  This  coupling 
necessitated  that  all  a.c.  SGA  performance 
measurements  ba  made  in  the  laboratory.  However,  it 
was  possible  to  make  shipboard  measurements  of  d.c. 

Zt.  Even  in  the  electromagnetically  noisy  shipboard 
environment,  whenever  a  large  d.c.  current,  I(in), 
was  injected  on  the  input  side  of  the  cable  shield,  a 
voltage,  V(out),  could  be  measured  on  the  SGA  output 
side  of  the  cable  shield.  This  measurement  was 
necessary  to  verify  the  initial  and  periodic  integrity 
of  the  shield  to  ground  contact.  As  shown  in  figure 
5,  d.c.  resistance  measurements  were  made  between  test 
points  A  through  E  by  driving  4  amperes  of  d.c. 
current  down  the  cable  shield  and  measuring  the  d.c. 
voltage  between  test  points  A  through  E.  The 
physical  differences  between  the  two  SGAs  installed  on 
the  ship  and  the  exact  location  of  each  test  point  is 
illustrated  *n  figure  6. 

NEED  FOR  KICKP1PS  EXTENSION 

The  SGAs  are  designed  to  screw  into  a  standard 
kickpipe  (an  environmental ly  sealed  cable  penetration 
through  the  deck)  that  is  welded  to  the  deck,  and  a 
method  was  needed  to  measure  the  electrical 


performance  of  the  SGA-to-Vickpi pe  thread  interface. 
To  accomplish  this  goal,  a  kickpipe  extension  was 
made  from  the  same  aluminum  alloy  as  the  kickpipe. 

The  interface  between  the  SGAs  and  the  extensions  had 
the  same  electrical,  mechanical,  and  el ectro-chemi ca 1 
properties  that  the  SGA-to-kickpipe  interface  would 
have  had.  Using  the  extension  allowed  removal  of  the 
SGA-to-kickpipe  extension  interface  from  the  ship 
without  disturbing  the  cable  shield-to-SGA  connection 
integrit.  ,  thereby  permitting  a  repeat  of  the  pre- 
environmental  EMI  testing  in  the  electromagnetically 
quiet  laboratory  environments  of  NUSC  and  G  &  H. 

D.C.  PERFORMANCE  AFTER  FIVE  MONTHS  OF  SHIPBOARD 
EXPOSURE 

Measurements  of  voltage  between  test  points  A  & 

D  (see  figure  5)  for  both  an  existing  spring 
compression  style  SGA  and  a  first  generation  fingered 
shield  contactor  SGA,  indicated  the  following: 

1.  Initial  pre-installation  d.c.  values  of  Zt 
for  both  devices  were  very  similar, 

2.  After  five  months  of  exposure  to  the 
shipboard  environment: 

a.  the  d.c.  Zt  for  the  1st  generation 
smart-soldered  style  SGA  increased 
(degraded)  by  2.1  dB,  (3.7  to  4.7 
mV)/4A. 
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b.  the  d.c.  Zt  for  the  spring  compression 
style  SGA  increased  (degraded)  by  17.1 
dB,  (5.4  to  38.8  mV)/4A. 

3.  Even  at  that  early  time,  preliminary 

analysis  indicated  that  ‘breaded  interfaces, 
such  as  the  SGA-to-kickpi pe  extension 
interface,  might  be  very  crucial  in 
determining  long  term  SGA  performance. 

LONG  TERM  PERFORMANCE  VALIDATION  Cc  EXISTING  ANO 
NE W  TECHNOLOGY  SGAs 

EVALUATIONS  OF  SGAs  AFTER  ONE  y EAR  OF  shipboard 
EXPOSURE 

Utilization  of  the  kickpioe  extension  discussed 
above  was  to  have  permitted  the  removal  of  the  SGAs 
from  the  ship  without  disturbing  the  caole  shield-to- 
3GA  connection,  thereby  permitting  a  repeat  of  tne 
pre- ’ nsta 1 1 ation  a.c.  EMI  testing  that  hjd  been 
conducted  in  the  quiet  laboratory  environments. 
Inconsistent  post- tnstal 1 ati on  laboratory  a.c.  and 


d.c.  Zt  values  indicate  that  this  goal  may  not  have 
been  achieved  i.e.,  apparently,  movement  of  the  SGAs 
during  removal  from  the  ship,  during  testing  at  NUSC, 
or  during  shipment  to  the  West  Coast  for  G  &  H  testing 
caused  physical  stress/vi bration  within  the  SGA  that 
resulted  in  inconsistent  Zt  data. 

SHIPBOARD  MEASUREMENTS.  D.C.  PERFORMANCE -VS- TIME 

The  d.c.  measurements  conducted  on  the  ship  were 
a  good  barometer  of  SGA  performance  over  time.  As 
shown  by  other  laboratory  measurements,  the  low 
frequency  a.c.  and  the  d.c.  data  points  are  almost 
exact.  In  fact,  it  was  this  difference  in  d.c.  data 
points  (d.c.  ship  X  d.c.  lab  X  a.c.  lab,  that  alerted 
the  measurement  team  that  movement  of  the  SGA  was 
causing  changes  in  the  SGA's  performance. 

rigure  6  illustrates  the  d.c.  performance 
degradation-vs-time  of  the  existing  'spring; 
technology  SGA  over  the  month  period  of  time  it 
was  installed  on  the  ship,  ’’he  d.c.  measurement 
results  plotted  in  figures  7X3  were  measured  at  the 
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points  illustrated  in  figure  5.  Measurement  point 
A-to-B  includes  the  cable  shield  and  grounding 
ring(s)  or  fingered  shield  contactor  to  SGA  body 
resistance.  Measurement  point  B-to-C  includes  the 
SGA-to-Kickpipe  Extension  resistance  and  the 
resistance  associated  with  the  first  set  of  threads. 
These  areas  of  tne  SGA  are  the  most  significant  when 
considering  the  SGA's  long  term  performance. 

The  following  observations,  taken  from  the  data 
in  figure  7,  summarize  the  long  term  d.c.  performance 
of  the  existing  (spring)  technology  SGA: 

a.  the  d.c.  performance  of  the  cable  shield  and 
the  spring  contact  portion  of  the  SGA  ( A- B ) 
actually  improved  with  time  (875/225/255 
micro-Ohms) , 

b.  the  d.c.  performance  of  the  1st  thread 
interface  (B-C)  suffered  tremendous 
degradation  with  time  (1.3/9,  300/11,  100 
micro-Ohms) , 

c.  the  d.c.  performance  of  the  2nd  thread 
interface  (C-0)  caused  initial  degradation 
(50  micro-Ohms),  but  it  was  quickly  masked 
by  the  high  degradation  of  the  first  thread 
interface, 

d.  the  d.c.  performance  of  the  total  SGA  (A-D) 
was  dominated  by  the  degradation  at  the 
thread  interfaces,  particularly  the  1st 
thread  interface.  SGA  performance  degraded 
from  950  to  9,800  to  11,400  micro-Chms. 

The  following  observations,  taken  from  the  data 
in  figure  8,  summarize  the  long  term  d.c.  performance 
of  new  smart-soldered  technology  SGA: 


a.  the  d.c.  performance  of  tne  caple 

the  smart  soldered  contact  port: on  of  tne 
SGA  (A-B)  improved  slightly  *ith  tine 
(363/750/463  micro-Ohms), 

b.  the  d.c.  performance  of  the  1st  thread 
interface  (B-C)  suffered  significant 
degradation  with  time  (25/400/6600  micro- 
Ohms)  , 

c.  the  d.c.  performance  of  the  2nd  thread 
interface  (C-D)  was  37.5  micro-Ohms 
(initially)  and  a  low  7.5  micro-Ohms 

( finally) , 

d.  the  d.c.  performance  of  the  total  SGA  (A-0) 
was  dominated  by  the  degradation  of  the 
thread  interfaces,  particularly  the  1st 
thread  interface.  SGA  performance  degraded 
from  938  to  1200  to  8100  micro-Ohms. 

LONG  TERM  A.C.  PERFORMANCE  EVALUATION  OF  EXISTING 
&  NEW  TECHNOLOGY  SGAs 

As  discussed  earlier,  the  a.c.  performance  of 
the  SGAs  could  only  be  evaluated  in  the  laboratory. 
The  kickpipe  extensions  were  fabricated  to  assist  in 
the  removal  of  the  SGAs  without  affecting  their 
grounding  performance. 

EXISTING  TECHNOLOGY  SGA  A.C.  PERFORMANCE  TES~  :CS.L~3 


Pre  and  post  installation  a.c.  performance 
testing  was  accomplished  using  the  NUSC  test 
procedure.  The  results  of  this  testing,  conducted  5 
hours,  24  hours,  and  12  months  apart,  are  shown  in 
figure  9.  The  range  in  the  short  term  (hours)  test 
results  was  discussed  at  the  last  IEEE  EMC  Symposium 
[2],  Although  a  function  of  frequency,  the  range  ’n 
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performance  nominally  ranged  from  -96  to  *24 
d8//one-0hm.  This  represents  a  120  d8  range  in 
performance-vs-time.  tt  should  also  be  noted  that 
the  performance  of  the  device  was  dependent  on  the 
amount  of  current  driven  down  the  cable  shield  and 
the  SGA.  A  6  to  10  d8  increase  in  the  current 
brought  about  a  6  to  9  d8  increase  in  the  SGA's 
performance. 

G  4  H  also  conducted  post  installation  testing 
on  the  existing  technology  SGA.  This  testing  was 
conducted  after  the  NUSC  testing  and  the  test  results 
on  the  SGA  seem  to  indicate  that  the  SGA  may  have 
been  physically  stressed  during  shipment  and/or 
testing.  The  G  4  H  testing  shows  significantly 
better  test  results,  ranging  from  -20  to  -30 
dB//one-0hm  better  than  the  NUSC  testing  on  the  same 
SGA.  we  also  see  that  the  SGA  performance  once  again 
varies  due  to  the  amount  of  current  driven  down  the 
cable  shield  and  SGA.  After  increasing  the  current 
by  14  dB  and  then  retesting  with  the  original  current 
value  of  .2  amps,  the  performance  improved  by 
approximately  6  dB. 

Evaluation  of  the  a.c.  performance  for  the 
existing  technology  SGA  shows  a  significant  amount  of 
variation  between  both  NUSC  pre  and  post  installation 
test  data  as  well  as  the  G  4  H  post  installation  test 
data.  This  may  have  been  caused  by  mechanical 
vibration/stress  of  the  test  sample  between  removal 
from  the  ship  and  between  East  and  West  Coast  testing. 
This  would  tend  to  suggest  that  either  the  kickpipe 
extension  did  not  work  as  planned  or  this  SGA's 
performance  is  highly  dependent  on  contact 
resistances/ impedances.  Hoeft  has  indicated  [7]  that 
“contact  impedance  is  the  major  electromagnetic 
hardness  degradation  factor  in  cables,  connectors, 
and  cableways."  It  would  appear  that  kickpipe  thread 
areas  would  have  to  be  added  to  Mr.  Hoeft's  list  of 
components  having  high  degradation  factors.  It  was 
verified  earlier  in  this  paper  (see  figure  4)  that 
a.c.  performance  testing  on  the  same  SGA  yielded 
results  within  4  dB  of  each  other  when  NUSC  and  G  4  M 
test  methods  were  compared.  This  fact,  in  addition 


to  the  nigh  degree  of  correlation  to  tne  SGA  EM  I 
model  developed  by  Showers  [546],  suggests  tnat  tne 
measured  variation  was  indeed  caused  by  tms  type  pf 
SGA  rather  than  by  the  test  procedures. 

NEW  TECHNOLOGf  SGA  A.C.  PERFORMANCE  TEST  RESULTS 

Pre  and  post  installation  a.c.  performance 
testing  was  accomplished  using  the  NUSC  test 
procedure.  The  results  of  this  testing,  conducted  12 
months  apart,  are  shown  in  figure  10.  There  was  no 
change  in  performance  during  the  first  24  hrs.  The 
range  in  the  preinstallation  a.c.  performance  was 
from  -85  to  -65  dB//one-0hm.  The  post  installation 
testing  ranged  from  -55  to  -40  dB//one-0hm.  The 
difference  between  the  curves  in  figure  10 
illustrates  a  20  to  30  dB  degradation  over  the  one 
year  period  of  time  it  was  installed  on  the  ship. 

G  4  H  also  conducted  post  installation  testing 
on  the  same  new  technology  SGA.  Over  a  frequency 
range  from  10  kHz  to  200  MHz,  this  testing  resulted 
in  SGA  performance  ranging  from  -43  to  -31 
dB//one-0hm. 

Variation  in  a.c.  performance  for  this  SGA 
indicate  significantly  less  variation  between  both 
pre  and  post  installation  testing  and  between  NUSC 
and  G  4  H  test  data.  Therefore,  this  type  of  SGA 
appears  to  be  less  susceptible  to  movement  in  the 
cable-SGA-kickpipe  assembly. 

IMPROVED  SOLID  CABLE  SHIELD  CONTACTOR:  NEW 

- TggrosQsogvgLMg - 

As  the  existing  and  the  new  technology  SGAs  were 
environmentally  aging  on  the  test  platform,  an 
improved  new  technology  SGA  was  developed.  This 
improved  version  utilized  a  new  (RG)  cable  shield 
contactor  that  was  almost  solid  as  compared  to  the 
earlier  version  that  was  fingered.  Both  EMI  model 
and  EMI  test  data  indicated  that  the  fingered  version 
caused  decreased  performance  at  higher  frequencies. 
Figure  11  illustrates  a  range  of  SGA  transfer 
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Fijure  13:  New  'echnology  New-Construction  GCA  A.C.  Transfer  Impedance: 
’re  J  Post  Installation  NUSC  and  GSH  'est  Tata 
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Figure  11:  Comparison  of  Transfer  Impedance  Test  Data  For  Three  Types 
of  RG- 214  Style  SGA's 


impedance  { Zt )  test  data  initially  measured  on  the 
existing  technology  SGA  {top  curves),  the  new 
technology  SGA  (middle  curves),  and  the  new 
technology  SGA  with  the  improved  cable  shield 
contactor  (lower  curves).  Even  with  a  range  of  SGA 
samples  tested,  it  can  be  seen  that  the  new  solid 
Shield  contactor  dramatically  improves  the  high 
frequency  performance  of  the  SGA. 

CONCLUSIONS 

a.  The  d.c.  performance  of  the  cable  shield  contact 
area  improved  slightly  with  time  for  both  styles 
of  SGAs , 

b.  the  long  term  d.c.  performance  of  the  SGAs  was 
completely  dominated  by  the  resistance  of  the 
thread  interfaces  required  to  connect  the  SGAs  to 
the  ship's  hull , 

c.  the  spring  contact  SGA's  short-term  a.c. 
performance  could  be  significantly  changed  by 
"re-torquei ng"  it, 

d.  the  performance  of  the  spring  technology  SGA 
showed  a  variation  in  performance  directly 
related  to  the  amount  of  current  flowing  on  the 
cable's  shield  {a  current  increase  of  10  dB 

' NUSC )  or  ’.4  dB  (G  &  H)  improved  performance  by 


9  or  10  dB,  respectively), 

e.  as  measured  by  the  NUSC  testing,  the  degradation 
in  performance  in  the  spring  contact  SGA  over 
time  was  much  worse  than  the  new  technology  SGA 
over  time  (120  d9-vs-44  dB)  (+24  to  -96  dB)  & 
(-85  dB  to  -41  dB), 

f.  thread  resistance/impedance  is  a  dominant  form 
of  degradation  not  actually  within  the  SGA  but 
one  that  occurs  at  the  SGA-to-ki ckpi pe 
interface, 

g.  the  d.c.  and  a.c.  performance  testing  of  the  new 
technology  SGA  occurred  on  an  early  device  that 
utilized  a  "fingered"  cable  shi el d-to-SGA 
contactor;  subsequent  EMI  modelling  and  testing 
has  indicated  that  a  significant  performance 
improvement  (up  to  35  dB)  can  be  obtained  at 
higher  frequencies  when  utilizing  a  "solid" 
cable  shield  contactor,  and 

h.  it  is  necessary  to  consider  the  life  cycle 
performance  of  d.c.  and  a.c.  EMI  grounds. 

RECOMMENDATIONS 

1.  Develop  an  EMI  model  to  describe  the  degradation 
caused  by  the  ockpipe  threads;  this  would  have 
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application  for  a  wide  range  of  EMI  grounding 
devices , 

2.  Develop  an  electrochemically  compatible  solution 
to  the  thread  degradation  problem  and  evaluate 
its  long  term  success  by  shipboard  installation 
and/or  accelerated  life  cycle  testing, 

3.  Develop  a  military  performance  specification  for 
the  solid  cable  shield  contactor  new  technology 
SGA  to  permit  it  to  be  used  on  a  retrofit  basis 
on  Naval  platforms, 

4.  Install  a  new  technology  SGA,  with  the  solid 
shield  contactor,  on  a  test  platform  in 
conjunction  with  a  thread  “fix"  to  ensure  that 
the  highest  long-term  SGA  performance  is 
achieved  to  reduce  below-decks  electromagnetic 
(EM)  levels  caused  by  EM  currents. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  discuss  two 
phases  of  the  effort  required  to  develop  a  full 
MIL-SPEC  connector  made  from  composite  materials  com¬ 
posed  of  conducting  particles,  fibers,  or  flakes  in  a 
matrix  of  polymeric  material.  This  connector  is 
designed  to  satisfy  a  full  range  of  electromagnetic, 
chemical,  and  mechanical  properties,  including  corro¬ 
sion  resistance  to  hostile  environments  and  electro¬ 
chemical  compatibility  with  electronic  cabinets  made 
from  aluminum. 

The  first  part  of  this  paper  will  discuss  the 
factors  involved  in  the  composite  materi al/f i 1 ler 
selection  process,  including  existing  and  proposed 
materials/fi Hers.  The  second  part  will  discuss  the 
development  of  a  mathematical  model  which  gives  the 
basis  for  prediction  of  some  of  the  electromagnetic 
properties  of  a  composite  material. 

Suggestions  for  further  work  on  materials  and 
modeling  are  given,  with  special  reference  to  emerg¬ 
ing  techniques  and  materials. 

BACKGROUND 

Given  the  crowded  electromagnetic  environment  as 
well  as  the  potentially  hostile  land  and  marine  envi¬ 
ronments  existing  today,  there  are  many  incentives  to 
develop  a  connector,  made  from  composite  polymeric 
materials,  that  will  have  good  and  non-degrading  EMI 
performance  over  time-  To  be  useful  for  a  range  of 
applications,  the  connector  must  be:  resistant  to 
chemical  attack,  irnnune  to  shock  (both  thermal  and 
mechanical),  corrosion  resistant  when  connected  to 
aluminum  structures,  lightweight,  machinable,  mold- 
able,  capable  of  operation  in  high  temperature  envi¬ 
ronments  (>  200“C),  and  provide  better  EMI  shielding 
effectiveness  (over  time)  than  existing  composite 
technologies.  Such  were  the  goals  established  for 
the  EMI  development  program. 

A  cursory  evaluation  of  several  ongoing  materia! 
development  efforts  indicated  that  the  key  to  reach¬ 
ing  these  goals  was  to  assemble  a  proper  mix  of 
technologists  who  would  be  capable  of  developing  a 
full  MIL-SPEC  connector  with  performance  approaching 
that  of  existing  metallic  connectors.  A  development 
team  was  therefore  formed  that  contained  the 
following  expertise: 

a.  theoretical  electromagnet ic  interference 
(EMI)  personnel, 

b.  theoretical  materials  personnel, 

c.  EMI  test  personnel,  and 

d.  connector  manufacturing  and  test  personnel. 


It  was  believed  that  this  mix  of  technologists,  all 
things  being  equal,  would  have  the  highest  probabil¬ 
ity  of  developing  a  composite  connector  with  all  the 
desired  qualities. 


INITIAL  RESIN/FILLER  SELECTION  AND  EVALUATION 

The  high  temperature  thermoset  and  thermoplastic 
resins  listed  in  Table  1  were  initially  selected  cor 
evaluation  due  to  their  working  temperature, 
strength,  deflection  temperature,  chemical  -esis- 


TABLE  1:  POTENTIAL  HIGH  TEMPERATURE  THERMOSETS  4 
THERMOPLASTICS  MIL-C-38999,  Series  IV; 
MIL-C-28840. 


Initially,  due  to  their  good  electrical  conduc¬ 
tivity  and  expected  good  shielding  properties, 
various  combinations  and  percentages  of  aluminum 
flake  and  fiber  were  compounded  with  the  above 
resins.  The  products  were  tested  and  indicated  that 
most  of  the  aluminum/resin  combinations  suffered  from 
electrical  conductivity  degradation  and  significant 
weaknesses  in  the  injected  molded  materials.  Close 
investigation  indicated  that  the  aluminum  fill ev 
oxidized  very  rapidly,  especially  during  temperature 
cycling,  thereby  causing  a  loss  in  the  composite's 
electrical  conductivity,  with  subsequent  loss  in  both 
material  shielding  properties  and  mechanical  proper¬ 
ties.  Electrical  conductivity  degraded  typically 
over  three  orders  of  magnitude,  while  mechanical 
properties  had  typical  degradations  of  over  30%. 

This  effect  is  not  clearly  noted  in  literature  des¬ 
cribing  the  subjectfl]. 
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tance,  and  toughness. 

• 

RESIN 

TEMPERATURE 

1 

•‘w" 

1.  POLYETHERETHERKETONE  (PEEK) 

232“  C 

S 

2.  POLYPHENYLENE  SULFIDE  ( PPS  OR  RYTON) 

232“  C 

3.  POLYAMIDEIMIDE  (PAI) 

220"  C 

4.  POLYIMIDE  (PI) 

204“  C 

m 

5.  POLYETHERSULFONE  (PES) 

130*  C 

Kp 

6.  POLYARYLSULFONE  (PAS) 

ISO"  c 

7.  POLYETHERIMIDE  (PEI) 

ISCf  c 

3.  LIQUID  CRYSTAL  POLYMER  (LCP) 

240"  C 

-TJ 
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This  forced  the  program  into  a  reevaluation 
period,  in  order  to  discover  a  metallic  or 
semi -metal  1 ic  filler  or  combination  of  fillers  that 
would  not  degrade  the  inherent  resin  strength  and 
would  provide  a  reasonable  amount  of  electromagnetic 
shielding  that  would  not  degrade  with  time  or 
temperature.  Several  promising  resin/filler 
combinations  that  appear  to  meet  the  requirements 
discussed  above  have  now  been  compounded.  Graphite 
and  nickel  coated  graphite  fibers  in  these  resins 
were  to  be  used  as  comparisons  for  conductivity, 
corrosion,  and  modeling,  but  were  not  considered  to 
be  viable,  due  to  their  causal  role  in  the  corrosion 
of  aluminum  parts  in  contact  with  these  composites 
[2].  . 

Resins  that  were  retained  for  further  study 
include  polyimide  (PI),  polyetheretherketone  (PEEK), 
and  polyetherimide  (PEI).  These  resins  have  good 
moldability,  good  to  excellent  machinabi 1 ity,  and 
have  continuous  use  temperatures  exceeding  200“ C 
(loaded).  Color  was  not  deemed  a  determining  factor 
in  resin  or  filler  selection. 

Fillers  presently  being  evaluated  include  PAN 
graphite  fibers  and  flake,  nickel  coated  graphite 
fibers,  carbon  particles,  indium/tin  oxide  ( I  TO ) 
particles,  I  TO  particles  with  graphite  fibers,  and 
aluminum  coated  E-glass.  Early  in  the  study,  alumi¬ 
num  coated  E-glass  proved  to  be  an  improper  choice 
due  to  the  chemical  tendency  of  the  aluminum  to 
scavenge  the  oxygen  from  the  underlying  glass,  caus¬ 
ing  the  aluminum  to  oxidize  and  become  an  insulator 
rather  than  a  conductor.  Mechanical  properties  were 
observed  to  degrade  rapidly,  causing  pullaway  of 
fiber  from  resin. 

The  galvanic  properties  of  metals  and  alloys  are 
given  in  Table  2  below.  The  table  shows  the  increas¬ 
ing  tendency  of  the  material  to  corrode  as  it  becomes 
more  anodic. 


-MORE  ANODIC 


GROUP  I 
mSEnKTum 

MAGNESUIM  ALLOY 
ALUMINUM 
ALUMINUM  ALLOY 
BERYLLIUM 
ZINC 

CHROMIUM 

MORE  CATHODIC  - 

GROUP  III 

CAOMt'JM 

CARBON  STEEL 

IRON 

NICKEL 

TIN 

TIN/LEAO 

LEAD 

BRASS 

STAINLESS  STEEL 

COPPER  t  ALLOYS 

NICKEL/COPPER 

MONEL 

ITO 

TABLE  2:  GROUPING  OF  M 
COMPATIBILITY 


GROUP  II 
ALUMINUM 
ALUMINUM  ALLOY 
8ERYLLIUM 
ZINC 
CHROMIUM 
CAOMIUM 
CARBON  STEEL 


GROUP  IV 
BRASS 

STAINLESS  STEEL 

COPPER  S.  ALLOYS 

NICKEL/COPPER 

ITO 

MONEL 

SILVER 

GRAPHITE 

RHODIUM 

PALLADIUM 

TITANIUM 

PLATINUM 

GOLD 

ITER  I ALS  BY  ELECTROCHEMICAL 
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The  unique  properties  of  certain  poles  i no 
catalytic-behaving  materials  to  "self-ad;ust“  their 
electrochemical  EMF's  (either  by  oxygen  man i pul  -.c ! on 
or  other  charge  transfer)  make  them  extremely  attrac¬ 
tive  in  minimizing  corrosion  due  to  the  dissimilar 
galvanic  potentials.  In  addition,  some  of  these 
oxides  are  semiconductive,  allowing  for  overall 
improvement  of  shielding  effectiveness  (S.E.)  when 
the  materials  are  fabricated  into  a  connector  that 
must  be  attached  to  an  electronic  enclosure.  It  is 
also  expected  that  the  S.E.  of  these  materials  will 
improve  with  applied  voltage/current,  thereby  making 
them  perform  better  during  high  level  electromagnetic 
field  exposure. 

Presently,  tests  are  being  made  on  all  of  the 
above  composite  resin/filler  variations.  Electro¬ 
chemical  tests  are  being  made  to  verify  the  expected 
behavior  of  these  materials  when  galvanically  coupled 
to  aluminum  components.  EM!  shielding,  as  well  as 
basic  complex  impedance  calculations  and  tests  are 
being  performed  to  verify  models  postulated  upon 
distributed  parameter  calculations.  Early  results 
are  encouraging  and  not  without  the  expected 
undesirable  materials  interactions  between  resins  and 
filters. 

The  properties  of  a  composite  depend  on  ;  <’de 
variety  of  component  properties.  Among  these  are 
relative  proportions  of  resin  and  filler,  size, 
shape,  state  of  agregation  or  agglomeration,  relative 
dispersion,  and  orientation  of  filler.  Finally,  the 
level  of  interphase  adhesion  affects  ultimate 
strength  and  elongation  and  is  a  measure  of  the 
unwanted  condition  of  "pullaway".  For  example,  for 
fibers  with  circular  or  square  cross-section,  one  of 
the  simplified  methods  of  predicting  the  composite 
modulus,  tensile  or  transverse,  (the  Halpin-Tsai 
equation)  is: 

(1)  Tensile:  Ec  -  VfEf  *  VmEm  ,  and 

(2)  Transverse:  Ec  =  [(1  *  2nVf)/(l  -  n  Vf )]  , 

where 

n  ■  |[(£f/Era)-l]/[(Ef/Em)*2]|  , 

Ec  is  the  modulus  of  the  composite,  Ef  and  Eip  are  the 
moduli  of  the  filler  and  the  matrix,  respectively, 

-and  Vf  and  Vm  are  the  volume  fractions  of  the  filler 
and  matrix,  respectively.  These  are  the  approximate 
bases  on  which  the  mechanical  properties  of  the  ideal 
composite  were  pre-estimated. 

A  THEORETICAL  HOOEL  TO  PREDICT  THE 
ELECTROHAGNETIC  PROPERTIES  Of 
COMPOSITE  MATERIALS 

There  are  a  number  of  theoretical  models  which 
conditionally  predict  the  electrical  properties  of 
composites  based  upon  a  hopping  model [3],  percolation 
theory[4l,  critical  loading[5],  and  simple  PC 
networks [6].  4  baseline  effort  has  been  made  to 

establish,  not  only  a  verifiable  model.  Out  ane-  which 
established  the  electromagnetic  properties  of  the 
composite  when  given  a  set  of  specific  component 
material  parameters.  4s  a  result  of  the  effort,  an 
interactive  computer  program  was  written  and  is 
evolving,  as  the  model  and  data  dictate,  ’nto  a  tool 
which  will  allow  for  user  input  of  component  f,be,“ 
and  filler)  parameters  found  to  be  of  electromagnet  * c 
importance.  This  program  calculates  properfes  ff*om 
d.c.  to  one  gigahertz,  and  gives  output  which  :an  he 
verified  by  testing  specimens,  either  a  flanged 
coaxial  holder  for  shielding  effectiveness 
measurements  (Figure  1),  ’n  an  admittance  bridge 
'Figure  ?),  or  in  a  network  analyzer  'rigure 
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FIGURE  I:  FLANGED  COAXIAL  HOLDER 


FIGURE  2:  ADMITTANCE  BRIDGE 


FIGURE  3:  NETWORK  ANALYZER 


~hp  model  shows  tnat  polymeric  composite  slabs 
containing  conductive  particles,  flakes,  fibers,  or 
combinations  if  these,  have  measurable  transmission, 
reflection,  and  absorption  coefficients.  -rhe  filler 
norphology  vanes  characteristics  for  electromagnetic 
scattering  and  absorption  in  the  composite  materials, 
theoretical  results  *or  optimum  Jesign  of  EMI  shield* 
mg  could  be  derived  by  ising  statistical  field 
tHeory  by  distributed  parameter  network  modeling 
jsmg  frequency  and  field  dependent  components  m  the 
analysis.  The  model  should  also  be  applicable  to  the 
construction  if  radio  anechoic  chambers  and  electro¬ 
nic  packaging,  'wo  approaches  were  merged  into  one 
to  analyze  this  problem,  ’’he  stochastic  **e1d  theory 
results  wprj  s;per imposed  on  a  conventional 
three-  J’r>pns’  '«a1  mneiance  model  with  frpguency  and 
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Three  factors  are  pri^e  ’n  - ?v  -  - 

the  behavior  and  properties  pf  coipps 1 tes ,  tbt-  •••;- 
a  mechanical  and  electrical  point  of  ra»,  e<c'.c  ,e 

of  the  approach: 

1.  The  fundamental  materials  of  which  the  com¬ 
posite  is  composed; 

2.  the  morphology  and  structural  disposition  of 
the  constituents;  and 

3.  The  multifactorial  interaction  among  the 
constituents  (e.g.  chemical,  mechanical,  and  electri¬ 
cal). 

Using  the  filler  model  which  relates  the  resis¬ 
tivity  of  the  filler  material  to  that  of  the  compo¬ 
site  via  the  volume  fraction  of  the  filler,  the  d.c. 
resistivity  of  the  combination  can  be  calculated. 

(3)  p  ♦  (Vf/3)  [l/(l-i/Vf/3)]  p0. 

Using  form  factors  for  the  particle,  flake,  or 
fiber,  and  combining  this  with  a  three-dimensional 
matrix,  leads  to  a  solvable  set  of  equations  involv¬ 
ing  resistors,  capacitors,  and  inductors  at  various 
frequencies  and  fields.  The  model  needs  inputs  with 
respect  to  electric  field  and  frequency  dependence  jf 
the  resistive  and  reactive  elements,  i.e.  A'E_  5  jnd 
T(S»u).  Typical  materials  are  being  tested  f or  d . ; . 
and  high  frequency  properties  in  orde^  to  ”ffit"  the 
functional  dependence  of  and 

iterations  are  in  progress  with  more  snoh'sticated 
measurements  and  model  refinements  to  fo!!ow.  ’h-s 
extended  circuit  approach  will  be  later  compared  with 
more  complex  statistical  field  theory  approaches  row 
in  progress.  It  is  expected  that,  at  least,  a  model 
will  be  proposed  which  can  serve  as  a  "first  test" 
for  new  electrical  composite  formulations. 


A  composite  sample  under  an  applied  d.c.  f’eld 
has  its  potential  distribution  curves  bent  more  dras¬ 
tically  over  the  conducting  filler  contacts  due  to 
space  charge.  The  eguivalent  circuit  representation 
is  shown  in  Figure  4.  Within  at  least  a  half  order 
of  magnitude,  the  impedance  for  a  three  dimensional 
array  of  these  cemponents  is  approximately  the  value 
of  Z  for  the  simple  network.  Ignoring,  for  the  time 
being,  distributed  parameter  considerations,  the  *.;me 
constant  of  such  a  circuit  at  a  given  electric  “’•eld 
Strength,  £,  is 

'4)  *  *  V'I'SICtE)] /[<»<£)  *  A0]  . 

assuming  smooth  contours  on  the  part  ic  1  e  ,f  1  axe  ^ > ber 
and  an  electrically  homogenous,  isotropic  polymer 
matrix. 

A  number  pf  researchers  nave  noted  that  currant 
controlled  negative  resistance  'C.C.N.A.!  observed 
'voltage  1eoendent  threshold  initiation  '[ID],  .ocal 
heating  of  the  matr i x/conduct i ve  filler  leemed  to 
be  the  cause,  the  -esj!t  be’^g  uasi 1 1 'ment  ary 
conduction,  'his  implies  that,  as  the  voltage 
•  field'-  increases  across  a  composite  element,  ’ts 
conductivity  and,  as  a  result  ;ts  sh'elJ'ig 
fee t  i veness ,  increases,  'h’s  e**ect  * s  er* a*';1 1  c  / 
certain  fillers  which  themseives  exhibit  I.'.N.3.  :r 
voltage  controlled  negative  resistance  ..I.N.3.  . 
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CONTACT 
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FIGURE  4:  EQUIVALENT  CIRCUIT 


Ideally,  one  would  like  to  see  a  medium  with 
just  the  right  combination  of  coarse  and  fine[ll] 
particles  to  provide  for  maximum  composite 
conductivity  and  maximum  mechanical  strength,  as 
shown  in  Figure  5.  According  to  the  electrical  model 
shown  (ignoring  for  now  the  aforement ioned  inductive 
component),  the  equivalent  R0/R(E,<a  )/C(E,ui )  circuit 
impedance  should  decrease  with  increasing  frequency. 
This  combined  with  C.C.N.R.  or  V.C.N.R.  makes  the 
composite  with  semiconducting  particles,  flakes,  or 
fibers  (or  combinations  thereof)  an  improved  shield, 
not  only  for  EMI,  but  also  for  electromagnetic  pulse 
(EMP)  applications. 


* 

•Wx 

aEs»  a 

(A)  «xcan  of  fino  particles;  (B)  optimum  composition; 
<C)  sxcoss  of  coarso  particlas. 

FIGURE  5:  PACKING  OF  FINE  ANO  COARSE  PARTICLES 


Applying  the  effective  medium  theory[l2]  to  the 
conductivity  and  the  comolex  dielectric  constant  of 
the  composite  material,  one  can  obtain  a  relationship 
between  the  properties  of  the  matrix  and  those  of  its 
components  by 

151  Vf(cf*  -  *:c*l/fcf  *■  2ec*)  = 

l-Vf  i  (c  m*  -  Cc*)/ it,*  *  Qe  c*)  , 


£  f*«  € m*.  and  e r* 

are  the  complex  dielectric  constants  of  the  filler, 
matrix,  and  composite,  respectively,  and  V f  ' s  the 
volume  fraction  of  the  filler. 


In  general. 


-  r  ■  JO  'e-  ryi 


where  o  is  the  conductivity  in  mhos/m,  c  0  < s 
permittivity  of  free  space  ( approx  ’mate  1  y  *.'*5  < 

10“  F/m,  jj  is  the  angular  frequency  m 
radians/seconds  and  e  is  the  real,  relative 
dielectric  constant.  So,  the  equivalent  circuit  now 
becomes  a  matter  of  defining  a  loss  tangent  of  the 
medium,  the  dielectric  constant  of  the  medium,  the 
conductivity  of  the  flake/fiber/part icle,  the  complex 
dielectric  constant  of  the  filler,  the  effective 
morphology  of  the  filler,  and  the  fraction  of  filler 
participating  in  the  process.  The  shape  function  of 
the  filler  is  obviously  important  in  the  estimation. 


Using  the  form  factors  for  ie  particle,  flake, 
or  fiber  involving  cross-sectional  area  considera¬ 
tions  of  the  filler  (A),  inter-  iber/f lake/particle 
spacing  (d),  frequency  e  ,  resistivity  (o  )  as  in  equa¬ 
tion  (3),  the  impedance  of  the  specimen  can  be 
expressed  by 

(7)  Z  =  -j/[p  (E  f  rA/d)-j  (A/p  pd)j  *  V 

The  program  written  to  implement  this  effort  ’s 
simple  and  interactive.  The  results  were  comoa^-i 
initially  with  graphite  °AN  fiber  samples  in  poly¬ 
carbonate  and  carbon  particles  in  polycarbonate. 
Measurements  of  impedance-vs-f requency,  for  40  we’ont 
percent  fiber  cylindrical  samples  are  sh*wn  in  rjgure 
6.  Measurements  on  the  rent  angular  samoles  a^e  shown 
in  Figure  7.  Table  3  depicts  calcul ated-vs-meas jred 
values  for  impedance  and  phase  angle  for  cylindrical 
and  rectangular  samples  of  the  short  f<ber  /anety. 


FREQUENCY  (Hz) 

FIGURE  6:  MEASURED  IMPEDANCE-VS-FRE?. 
CYLINDRICAL  SAMPLE  OF  GRAP^rS 
POLYCARBONATE  '3.1V' 
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bt  j  parametric  model  that  can  predict  basic  electri¬ 
cal  properties  of  composites,  at  least  at  lower  fre¬ 
quencies.  Other  data  is  being  assembled  and  refine¬ 
ments  on  the  initial  model  are  being  made.  The 
authors  feel  that  this  approach  is  indeed  a  viable 
one  for  design  and  will  be  pursued  by  testing  and 
modif ications  as  dictated  by  results  and  feedback. 
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TABLE  3.  GRAPHITE  FIBER  COMPOSITE  TEST  COMPARISON 


Samples  of  405  graphite  fibers  and  particles 
were  also  fabricated  in  polycarbonate  and  measured 
for  shielding  effectiveness  in  the  ASTM  dual  chamber 
box.  EMI  Shielding  for  the  PAN  fibers  ranged  from 
uOdB  it  15  MHz  to  40dB  at  1  GHz  and  from  53dB  at  15 
MHz  to  36dB  at  1  GHZ .  Calculations  based  upon  com¬ 
plex  impedance  and  using  the  model  developed  gave 
values  that  were  10  to  22%  below  the  measured  values 
for  the  fiber  and  12  to  23%  below  the  measured  value 
for  the  particles.  These  values  are  not  vastly  dif¬ 
ferent  from  those  found  in  the  1 i terature [13] . 

CONCLUSIONS 

The  results  shown  in  Table  3  indicate  that  there 
is  at  least  order-of -magnitude  agreement  with  the 
initial  model.  However,  fiber  alignment  is  extremely 
important  in  the  calculation  and  the  exact  place  tins 
alignment  factor  plays  in  the  model  is  elusive. 
Further  tests  on  non-aligned  (particle)  samples  indi¬ 
cate  that,  at  the  tame  of  this  writing,  particulate 
samples  tend  to  be  more  predictable  than  are  fiber 
samples.  Though  variances  are  noted  'n  this  model, 
initial  results  are  encouraging  in  that  it  appears  to 
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C0N0UCTE0  EMISSION  MODELS  FOR  SWITCHING  POWER  SUPPLIES 
Dy 
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Naval  Underwater  Systems  Center 
New  London,  CT 
203-440-4B04 


Military  Standard  461C  specifies  the  limit  for 
harmonic  currents  generated  by  electronic  equipments 
in  the  frequency  ranges  that  cover  CE01  emissions  (60 
Hz  -  20  kHz)  and  CE03  emissions  (20  kHz  -  50  MHz). 
These  emissions  are  typical  of  the  electromagnetic 
interference  generated  by  switching  power  supplies. 

A  computer  model  has  been  developed  to  study  the 
effect  of  nonlinear  loads  on  military  power  distri¬ 
bution  systems.  Harmonic  distortion  caused  by 
nonlinear  loads  is  modeled  by  ideal  current  sources 
shunting  the  appropriate  load  impedance.  The  current 
sources  can  be  given  assumed  harmonic  structures 
that  match  measured  data.  Harmonic  voltages  and 
currents  are  computed  at  various  points  in  the  power 
distrioution  system,  and  the  total  harmonic 
distortion  is  estimated  as  a  figure  of  merit  for  the 
particular  configuration.  Predicted  values  of  total 
harmonic  distortion  will  oe  compared  to  actual 
snipboard  measurements. 

INTRODUCTION 

In  the  past  few  years  much  emphasis  nas  been 
placed  on  the  effects  of  nonlinear  loads  on  military 
power  distribution  systems.  Power  converters, 
particularly  switching  regulators,  introduce  harmonic 
currents  onto  the  power  distribution  system. 

Harmonic  currents  introduce  many  problems  including 
interference  with  other  electronic  systems,  increased 
power  losses  in  motors  and  other  magnetic  devices, 
development  of  secondary  harmonic  torques  that  can 
lead  to  undesirable  machine  vibrations,  and  increased 
structure  currents  that  flow  through  input-to-ground 
capacitors  to  the  ship's  ground  plane.  These 
harmonic  emissions  fall  into  two  frequency  ranges:  00 
Hz  -  20  kHz  (CEO!  emissions)  and  20  kHz  -  5u  MHz 
(CE03  emissions) [l] •  CE01  emissions  are  usually 
related  to  the  rectifier  and  input  smoothing  filter, 
and  CE03  emissions  are  related  to  the  actual 
switching  frequency  used  in  the  dc-dc  converter. 
Because  many  engineers  include  switching  power 
supplies  in  their  designs,  much  concern  has  been 
expressed  about  tne  electromagnetic  interference 
l EMI )  caused  by  these  devices  on  the  power 
distribution  systems.  Figure  I  shows  the  harmonic 
distortion  un  a  laboratory  power  distribution  system. 
A  worst-case  computer  model  nas  been  developed  tn 
assess  the  impact  of  this  EMI  on  a  typical  military 
power  distribution  system. 

Several  off-the-shelf  power  supplies  were 
measured  to  determine  the  effects  of  various  types  of 
smoothing  filters.  Typical  switching  power  supplies 
use  capacitive  smoothing  filters.  These  give 
reasonably  good  ripple  for  low  cost,  weight,  and 
volume.  Unfortunately,  capacitive  smoothing  filters 
oecome  increasingly  ineffective  at  lower  frequencies 
permitting  increased  harmonic  levels  to  return  to  the 
generator  and  are  usually  responsible  for  CEO! 
emissions  failure.  Figure  1  shows  tne  spectrum  of  a 
three-phase  power  supply  that  uses  a  capacitive  type 
smoothing  filter.  This  spectrum  appears  flat  to  some 
point  ,the  I3tn  harmonic)  and  then  falls  off  at  a/n’. 
several  other  power  supplies  were  measured  and  found 
to  nave  fall-off  rates  between  1/n  and  l/n1. 

Switcning  power  supplies  also  exnibit  conducted 
emissions  in  tne  zu  khz  to  50  MHz  range.  Designers 
nave  typically  chosen  switching  frequencies  around  20 


kHz  because  frequencies  less  than  20  kHz  can  cause 
EMI  in  equipments  and  are  more  difficult  to  filter. 
Frequencies  above  40  kHz  can  cause  additional  EMI 
problems  but  are  easier  to  filter. 

LEVEL  AT  SO  Hr  -  5.3  dBA 


FREQUENCY  (Hz) 

Figure  1.  Harmonic  Distortion  on  60-Hz,  Single- 
Laboratory  Powerline 


LEVEL  AT  62.5  Hz:  a- 2.3  dBA 


FREQUENCY  (Hz) 

Figure  2.  Line  Current  Spectrum  for  Phase  i  of  the 
BQQ-5  Type  4B  Power  Supply 


Some  manuf acturers  are  producing  iOO  Watt 
switcning  power  supplies  that  operate  at  200  khz,  but 
tne  conducted  emissions  from  supplies  in  tnis  range 
are  nignly  d’nendent  upon  tne  filtering  provided  by 
tne  manufacturer.  In  this  study,  rytner  than 
providing  a  detailed  model  for  every  power  supply,  a 
general  worst-case  switcning  model  nas  been 
developed.  It  is  assumed  tnat  tne  filter  between  tne 
rectifier  and  the  switcning  circuit  nas  been 
optimized  to  provide  smootning,  circuit  stability, 
and  tne  necessary  rejection  at  tne  switching 
frequency. 


m 


TD  8055 


V.  'MW.V.VU'.K. 


3ecause  the  primary  interest  of  this  study  is 
the  effect  of  the  switcning  regulator  on  the  input 
power  line,  only  the  rectifier,  input  filter,  and  the 
dc  to  dc  converter  are  investigated.  The  study 
included  measurements  of  various  rectifier  and  filter 
combinations  as  well  as  the  development  of  several 
computer  models.  In  this  regard,  both  forward  and 
backward  models  were  investigated.  In  both  the 
measurement  and  forward  modeling  phases,  detailed 
Knowledge  of  the  circuit  elements  is  required. 
Although  this  requirement  makes  forward  modeling  less 
useful  in  tMI  analysis,  such  models  nevertheless 
serve  to  provide  an  understanding  of  the  device.  In 
the  backward-looking  model  the  nonlinear  source  is 
replaced  by  an  equivalent  current  source  witn  the 
appropriate  harmonic  structure.  This  approach  is 
ideal  for  EMI  analysis  because  the  general 
characteristics  of  the  switching  source  are  known  and 
can  be  easily  computed.  Thus,  an  EMI  model  can  be 
constructed  that  computes  tne  effects  of  the 
nonlinear  switcning  power  supply  without  a  knowledge 
of  the  circuit  elements  in  a  specific  supply. 


COMPUTER  MODEL 


A  new  computer  program,  POWSUP,  has  been  written 
to  predict  CEO!  and  CE03  conducted  emissions  from 
switching  power  supplies.  This  program  is  an 
outgrowth  of  a  program  originally  written  in  1976  to 
predict  total  harmonic  voltage  distortion  from 
nonlinear  loads  on  three-phase  power  buses[J]. 

Similar  to  its  predecessor,  POWSUP  is  an  interactive 
program  that  asks  tne  user  for  the  various  parameters 


of  the  power  system  to  be  modeled.  Output  is 
returned  to  the  screen  where  the  user  can  oDseoe  tne 
voltages  and  currents  in  various  locations  on  tne 
power  bus.  The  total  harmonic  distortion  iTHD)  is 
then  computed  for  the  range  of  frequencies  specified 
and  for  each  load  in  the  model.  If  switcning  power 
supplies  have  been  specified  as  the  load,  tne  CE03 
currents  returned  to  the  generator  are  also  snown. 

At  the  end  of  each  model  the  user  is  given  the  option 
of  running  another  case.  Figure  3  is  a  flow -diagram 
for  tne  computer  program. 

PQySUP  is  divided  into  a  CE01  and  a  CE03 
section.  The  program  can  calculate  harmonic  voltages 
given  the  configuration  of  a  snipboard  powerline. 
These  voltages  can  be  used  to  predict  the  Thd 
expected  at  various  locations  on  the  power  bus. 
Harmonic  distortion  can  subject  susceptible  equipment 
to  voltages  that  will  cause  degraded  operation.  The 
CSOi  specification  of  MIL-STD-46IC [’]  provides  the 
level  of  voltage  required  on  input  power  lines  to 
cause  degraded  operation  of  susceptible  equipment. 
With  this  information,  the  ship  designer  can  identify 
potential  problem  areas  before  the  equipment  is 
actually  installed  on  a  platform. 


THE  CE01  MODEL 


balanced  tnree- 

distribution 

Harmonic 


The  computer  program  models  a 
pnase  wye-wye  or  delta-delta  power 
system  as  a  single-pnase  circuit, 
distortion  caused  by  nonlinear  loads  is  modeled  by 
ideal  current  sources  snunting  the  load  impedance. 
These  current  sources  can  be  given  assumeo  narmonic 
structures  that  match  measured  data.  The  model  can 
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analyze  up  to  10  oalartced  loads  fed  in  parallel  from 
the  generator.  Harmonic  voltages  and  currents  are 
computed  at  various  points  in  the  power  distriOutton 
system,  and  the  total  harmonic  distortion  is 
estimated  as  a  figure  of  merit  for  the  particular 
configuration.  The  model  can  accomodate  a  60  Hz  or 
40U  Hz  generator. 

Figure  4(a)  shows  a  typical  delta  power 
distribution  system  and  figure  4(D)  shows  the 
equivalent  wye  distribution  system.  If  the  systems 
are  balanced  then  we  can  write  the  delta  system  in 
its  equivalent  wye  formulation  as 

l  -  — 

^an - r"  > 


-  rr  |va 


♦'n^3 


Figure  4(c).  One  Leg  of  the  Wye  Power 
Distribution  System 

Figure  4.  Power  System  Configuration,  Where  Zg  Is 
Senerated  Impedance,  Z(  Is  Transmission  Line  Impedance, 
Z|_  Is  Load  Impedance,  and  In  Is  the  Amplitude  of 
the  nth  Harmonic 


A  L  - 

st'h  1 


Figure  4(5).  Delta:Delta  Power  Distribution  System 


V3  A13 


Zl/3  ZL/3P  pn^ 


V3  s3'n  ZL'3L  A'"0 

- CTD - - - i - ' 

Figure  4(o).  equivalent  wye:*ye  Power 
Distribution  System 


-acn  reoresentat ion  has  an  equivalent  formulation  for 
tne  total  power.  The  total  power  transferred  to  tne 
load  for  tne  wye  distribution  is 

?  *  3  '  f  an !  I  *  an  I  "f  ■  A 

"ne  power  factor,  ?f,  is  assumed  to  be  unity,  dy 
substitution  of  the  equivalent  t  and  I  in  equatidn  *, 
tne  total  power  transferred  to  tne  load  in  the 
equivalent  delta  system  can  oe  found.  Once  the  wye 
formulation  has  been  determined,  we  need  only  analyze 
one  leg  of  the  circuit  to  determine  the  voltages  and 
;ur--ents  for  the  system.  Figure  4(c)  shows  the  wye 
system  reduced  to  one  leg. 

figure  o  snows  one  leg  of  a  power  distribution 
system  that  nas  N  nonlinear  loads  in  parallel.  In 
irJer  to  "’redict  the  narmontc  distortion  due  to  these 
loads,  the  nonlinear  lids  are  replaced  by  linear 
.jrrefit  sources  whose  properties  are  Jetcrm-ned  f^om 

^  '  *  lb  1  me- to-neutra  I 


I  l ne- to- 1 1 ne-Current . 


GENERATOR  IMPEDANCE 
TRANSMISSION  LINE  IMPEDANCE 


BRANCH  LINE  IMPEDANCE 


ZL  *  LOAD  IMPEDANCE 


Figure  5.  One  Leg  of  a  Power  Distribution  System 
With  m  Nonlinear  Loads  in  Parallel 


The  spectral  properties  of  the  current  source 
can  be  specified  as  having  the  following  character¬ 
istics:  1/n,  l/n‘ ,  1/n*  ,  or  3  percent  of 
the  fundamental,  or  capacitively  coupled  model.  These 
correspond  to  fall-off  rates  of  -20  d8/dec,  -30  dB/dec, 
-40  dB/dec,  and  0  dB/dec,  respectively.  The  capaci¬ 
tively  coupled  model  represents  a  flat  spectrum  to  the 
13th  harmonic  and  then  a  fall  off  of  -60  dB/dec.  The 
1/n  model  represents  the  inductive  filter  model  where 
the  inductance  is  very  much  greater  than  the  critical 
inductance[*].  The  other  mrdels  refer  to  fall -off 
rates  that  have  been  observed  experimental  ly.  ''he  3 
percent  model  is  the  limit  imposed  by  WIL-ST0-461C. 

For  any  source,  tne  amplitude  df  a  given 
narmomc  can  oe  determined  from 

=  1 1  >F 

wnere  ’ 

n  =  numDer  of  tne  namomc, 
m  =  slope  of  the  fall-off  ♦■ate, 

SF  =  scale  factor  =  a, 

ij  =  amplitude  of  tne  fundamental, 

and  In  =  amplitude  c  the  nth  narmonic. 

The  scale  factor  parameter  allows  tne  *lat  spectra 
mode)  to  be  implemented,  f or  tne  3  percent  node*., 

SF  =  .J3  and  m  *  l.  [n  f act,  any  Oat  spectrum  nooe. 
couU  De  ’mplemented  witn  this  parameter. 
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jne  of  tne  techniques  to  r~  'uce  tne  amplitude  of 
tne  low  frequency  rectifier  nur-nomcs  'S  to  use 
nulti-pnase  power  supplies.  In  our  node!  we  nave 
assumed  tnat  tne  po*er  system  is  a  dp  lanced  three- 
pnase  delta  connects:  c/stem.  A  tnree-phase  full 
wave  rectifier  na?  a  pulse  rate  of  o.  This  means 
that  the  narmomcs  are  '•elated  Dy  on  :  i.  Power 
supplies  having  nigner  pulse  rates  will  shift  tne 
narmonic  frequencies  oy  multiples  of  six.  For 
example,  me  first  harmonic  for  a  ^4-pulse  system 
would  oe  the  Zird.  Additional  harmonics  would  oe 

generated  according  to  Z**n  si,  for  n  *  . 

Note  tnat  i/23  =  J.U4  is  ve-y  close  to  tne  3  percent 
narmonic  current  limit  ream  red  Dy  military 
specification^],  wnn  tie  tecnnology  already 
availaole  to  implement  this  technique,  it  is 
necessary  to  analyze  nonlinear  loads  that  nave  pulse 
rates  greater  tnan  six. 

To  compute  the  harmonic  voltages  at  each  load 
and  at  the  point  generator  output  .see  figure  6),  the 
current  that  returns  to  the  generator  from  each 
source  must  oe  *nown.  To  compute  the  current,  the 
total  admittance  of  tne  circuit  must  oe  calculated. 
The  following  analytical  procedure  snows  how  the 
narmonic  voltages  and  currrents  are  computed. 

Tne  var'aoles  for  each  branch  at  eacn  narmonic 
frequency  are  defines  as 


go 


i 

V3 

'Vn 


Vcm 

V 

<*im 


voltage  at  the  point  generator  output 
Admittance  of  the  generator  ^nd 
transmission  line 

Ratio  of  tne  current  returning  to  tne 

generator  from  the  mtn  orancn 

to  the  total  current  of  the  m^h  0ranch  or 

tne  total  admittance  of  the  network  as 

seen  from  tne  mtn  oranch 

Source  strength  of  mtn  oranch  at 

frequency  f 

Admittance  of  rc  network  of  tne  mth  orancn 

Sum  of  tne  admittance  of  tne  orancnes, 

excluding  the  mtn  orancn 

Impedance  of  the  mtri  load 

Admittance  of  tne  mtn  orancn 

Impedance  of  the  mth  Drancn  of  the  power 

caole 

Capacitance  of  mtn  Drancn 

Resistance  of  the  mth  load 

Resistance  of  the  mth  Drancn  of  the  power 
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vd'tage  at  Me  3 ^  t  generator  output  ,  see  figure 
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The  impedance  of  the  mth  orancn  iQfT1  ,  see  figure  o ,  is 
given  Dy, 

^Dm  s  ^Dm  +  J'Wi-bm 
The  admittance  of  the  generate 
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-■’nary,  tne  voltage  at  tne 
from 


Mid  :  an  oe  * ;  m; 


*m  ’  ‘-pm  *  n  r  ->  *  go  • 

Trns  is  an  approximation  of  tne  true  voltage, 
shown  in  figure  6.  The  nonlinear  load  could  e 
nave  been  represented  witn  tne  current  source 
series  with  the  load;  in  tms  case,  tne  equati 
the  voltage  would  oe  exact,  'nerefore,  as  a  f 
approximati :n ,  *t  ’s  assumed  tnat  tne  voltage 
distortion  at  tne  load  depends  only  on  the  vol 
drop  on  tne  branch  connected  to  tnat  load,  plu 
voltage  distortion  due  to  tne  narmonic  current 
returning  to  tne  generator,  vote  tnat  in  tms 
particular  model,  RDm,  and  Rg  are  assumed 
zero  line  resistance,  wmcn  is  a  good  aporoxim 
for  low  ^equency  narmomcs. 
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Zg  =  GENERATOR  IMPEDANCE 
Zt  =  TRANSMISSION  LINE  IMPEDANCE 
Zb  =  BRANCH  LINE  IMPEDANCE 
,  =  LOAD  IMPEDANCE 
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The  TnU  is  compjted  jsing  jn  jpprbximdtton  of 
• ts  standard  definition  oy  tne  Institute  of 
Electric’'  and  Electronics  Engineers  iIEEEjl'l. 

Thus,  for  a  tnree-phase  nonlinear  source,  the  ThO  is 


where  Vi  is  the  ms  voltage  at  the  fundamental.  The 
i  percent  is  added  to  account  for  the  harmonic 
voltage  distortion  attributable  to  the  generator. 

In  sumnary  tne  CE01  model  includes  multi-phase 
power  supplies,  up  to  100  harmonics  of  the 
fundamental  for  a  six-pulse  rectifier  (the  number  of 
harmonics  for  higher  pulse  numbers  is  determined  from 

where  ?  is  the  nunc  r  of  pulses),  choice  of  five 
harmonic  fall-off  models,  including  a  model  for 
capacitively  coupled  power  supplies,  computation  of 
CEO!  conducted  emissions  current-,  that  return  to  the 
generator  at  each  harmonic,  computation  of  THD  for 
all  harmonics,  error  trap  routines,  and  the  ability 
to  cycle  through  the  program  to  run  multiple  cases. 

CE03  EMISSION  MOOEL 

The  model  for  switching  power  supplies  replaces 
tne  nonlinear  load  with  a  linear  current  source 
having  spectral  characteristics  similiar  to  the  load 
it  is  reo'acing.  're  CEOa  Current  source  would  oe  in 
parallel  •m  the  „E0i  source  and  would  nave  infinite 
impedanc-. .  '"is  s  "ece'.sary  to  prevent  current  from 
the  CE31  ;ource  from  an  additional  branch. 

The  new  current  source  -ni,lo  replace  the  smoothing 
filter  as  well  as  the  swit.mng  circuits.  This  is 
all  that  is  necessary  to  model  because  most  switching 
'egulators  are  trans' jrmer  coupled  for  dc-Oc 
■solation.  The  impedance  of  this  second  source  would 
effectively  be  the  resistive  component  computed  from 
the  output  power,  or 

S  *  !|s_ 

V 

The  characteristics  of  the  smoothing  filter  are  taken 
into  account  in  the  computation  of  tne  amplitudes  of 
the  narmonics  for  this  source. 


The  cnarac 
can  oe  found  d y 
introduced  oy  < 
simplified  mode 
topology,  wmch 
pole  switch  rep 
turns  the  input 
square  wave  on 
diode  maintains 
'S  off.  hOwevH 
"'shite  rise  and 
transistor  rise 


CURRENT  lN. 


ten  sties  of  the  CE03  current  source 
assuming  a  worst-case  model  first 
amm[*,7]  in  1973.  Figure  7  shows  a 
1  of  the  worst-case  switching 
is  tne  3ucx  converter.  Here  tne  two- 
reserts  the  switching  transistor  that 
Current  on  and  off,  r->uiting  in  a 
tne  input  side  of  tne  device.  The 
Current  in  the  load  while  the  switcn 
r,  tne  switcning  transistor  nas  a 
"'all  fme;  typical  switcning 
times  are  an  tne  order  of  *00  ns. 


* nple  Moiel  )  f  ywi tuning  ^pwpr  loppl/, 
5‘ng  ’Jpoljj y 


Tnus,  in  this  model,  the  swit :n;-g  Svu'-ce  ■,  •■-a'jced 
Oy  a  symmetrical  trapezoidal  periodic  waveform. 

Figure  d^aj  sno'ws  the  waveform  for  tne  proposed 
current  source.  The  normalized  Fourier  coefficients 
for  an  infinite  train  of  symmetrical  trapezoidal 
pulses  are 

Cn  *  — ftr$in[nirf  (t0  ♦  tr )]  si  n(nn  ftr ) , 

(nn) 

where  the  constants  are  defined  in  figure  3(a). 


Figure  3(a).  Trapezoidal  «jave  with  period  T  =  oO  usee 
rise  time  tr  =  30  nsec,  and  duty  cycle  t0  s  <25usec 


In  order  to  more  accurately  model  me  waveshape 
of  t  '  ^witching  current,  tne  turn-on  spixe  of  the 
diode  ..  overy  current  can  also  oe  included.  Tne 
diode  re  very  spite  is  modeled  as  a  pulsed, 
critically  -imped,  exponentially  decaying  s<’e  *a/e. 
because  tne  total  waveform  is  tne  Summation  o*  two 
moependet  effects,  tne  waveforms  can  oe  analyzed 
separately  in  tne  frequency  domain.  Figure  ;,o 
snows  the  waveform  of  tne  pulsed  exponent’ ally 
decaying  sine  wave  and  is  represented  oy, 


f(t)  =  sm  Dt 


a  -  damping  factor 
D  =  f0,  and 

f0  =  frequency  of  the  sine  wave 


The  Fourier  coefficients  for  f  t  waveform  snown 
in  figure  o(o)  can  pe  found  oy  integrating  f-t',  over 
the  period  Oy 


Cn  •  1/T  f  f,t . 


;  ire  o,3;.  Julsed  £ xponent ’ a  1 1  y  Je 
«nere  T  =  ^sec,  f(J  =  j  MHj  i  - 
and  t  =  oo  -s e-: 


jy’ng  fine  w.av 
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The  integration  gives  me  normalized  coefficients  is 

s  _L  /eiiLi i  *-*iz  ->\ 

"n  2j  T  V  z,  z,  / 


-  a  -  j(b  -  2nn  ' jj 


I2  =  j»  -  j;3  *  2nir  f0)  . 

The  combined  waveform  for  the  trapezoidal 
switching  current  with  diode  recovery  spike  is  shown 
in  figure  V.  The  resultant  Fourier  transform  is  also 
shown  in  this  figure.  This  plot  is  for  a  switching 
frequency  of  20  kHz,  rise  time  of  30  ns,  and  a  1  amp 
turn-on  spike.  This  curve  serves  as  the  basis  for 
our  model.  Kanm[€]  gives  the  character istics  of  an 
idealized  smoothing  filter,  and  this  filter  has  been 
implemented  into  the  model  to  compute  the  estimated 
amplitudes  of  the  CEQ3  current  source.  Figure  10 
shows  the  characteristics  of  this  filter,  and  figure 
11  shows  the  estimated  amplitude  of  a  1  amp  switching 
source  at  20  kHz  reflected  tnrougn  tne  smoothing 
filter.  These  estimates  agree  very  well  with  tnose 
shown  in  reference  6  for  similiar  waveforms.  Note 
that  in  this  new  model,  switching  frequencies  up  to 
=100  <hz  are  allowed.  For  switching  currents  greater 
than  1  amp,  the  amplitudes  can  oe  scaled  oy. 


Rx  =  20  ucglljj. 


10.000  1000.000  1.000.000  10.000.000 
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Fi g^re  9.  Fourier  Coefficients  for  20-<hz  Trapezoidal 
^ave  ^itn  C’ode  Recovery  $pi«.e 
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Figure  10.  Idealized  Smootning  r;lte*" 


CE03  60-Hi  LIMIT 
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Figure  11.  Estimated  Amplitude  of  Switching  Source 
Model  at  20-kHz  Reflected  Through  Smoothing 
rilter.  Also  shown  is  the  CEO 3  limit  line  for  j  60 
load  current  <_1A  narrow  band.  Note  that  the  IE  D3 
limit  line  is  not  shown  ibove  1  Vuz. 
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Table  2.  Predicted  CEO  1  Cjrrents  Return* 
Generator  for  Various  Pulse  Numbers 


Hypothetical  Power  Supply  Puns 

Because  the  low  frequency  conducted  emissions 
dominate  harmonic  distortion  on  the  power  bus,  the 
effect  of  using  multiphase  power  supplies  will  be  the 
first  example  shown.  Figure  12  shows  a  135-kW,  400- 
Hz  power  distribution  system  with  six  nonlinear 
loads.  Table  1  compares  the  THD  at  the  point 
generator  output  for  various  multiphase  supplies;  all 
the  sources  are  assumed  to  have  a  1/n  fall  off,  0° 
firing  angle,  and  instantaneous  commutation. 
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Figure  12.  Hypothetical  Powerline  Confi guration 


Clearly,  as  the  pulse  number,  increases,  the  THD 
decreases.  In  fact,  for  18-pulse  supplies,  the  THD 
is  almost  5  percent,  which  is  the  limit  for  voltage 
distortion,  and  for  24-pulse  supplies,  the  THD  is 
below  the  limit.  However,  the  real  problem  with 
harmonic  current  is  not  the  type  of  distortion,  but 
the  magnitude  of  current  flowing  at  the  various 
frequencies  back  to  the  generator.  Table  2  shows  the 
current  that  returns  to  the  generator  for  the  various 
pulse  numbers.  Note  the  particularly  high  currents 
that  are  flowing  in  the  7LF  range.  If  these  currents 
are  allowed  to  *»ow  on  the  structure  through  line-to- 
qraund  filters,  large  magnetic  fields,  which  could 
’Hterfere  with  sens  it  we  equipment  or  low  level 
signal  transmission  lines,  would  be  generated. 
Structure  currents  are  known  to  be  a  significant 
problem,  oart’Cularly  in  the  VI.F  range. 

'able  I.  Comparison  of  Total  Harmonic  Distortion  Tho' 
'~hD'  at  Point  Generator  Output  for 
Multiphase  Supplies 


pjlse  No. 


’HD 


5 

3.3 

12 

6.4 

13 

5.1 

24 

4.3 

Frequency  (Hz) 

Current  (4) 

6 

PULSE 

12 

PULSE 

PULSE 

24 

R'JtSE 

2  000 

41.3 

2800 

27.3 

4400 

15.0 

15.0 

5200 

11.6 

11.6 

6800 

7.5 

7.5 

7600 

6.2 

6.2 

9200 

4.4 

4.4 

4.4 

10000 

3.3 

3.8 

3.3 

14000 

2.4 

2.4 

14800 

1.8 

1.3 

18800 

1.2 

1.2 

1.2 

19600 

1.1 

1.1 

1.1 

Shipboard  Run 


4s  a  final  study,  shipboard  data  will  be 
compared  with  predicted  data;  figure  13  shows  the 
power  distribution  system  for  the  shipboard  lata.  1" 
this  experiment,  the  THD  was  measured  for  varies 
loads  on  the  400-Hz,  43.2-kW  power  distribution 
system.  4n  attempt  was  made  to  model  the  /a^ous 
sources  with  the  appropriate  fall  off;  however,  often 
the  measured  harmonic  fall  off  was  between  the  node  Is 
available.  In  those  cases,  the  model  that  provided 
the  best  fit  was  chosen.  Line-to-ground  capacitance 
was  included  when  the  data  were  available.  Tab^e  3 
surmiarizes  the  measured  data,  comparing  the  predicted 
THD  with  measured  values.  411  loads  were  sw-oulse 
sources.  The  data  shown  in  the  table,  although  by  no 
means  exact,  are  close  enough  to  indicate  that  tne 
chosen  model  is  a  good  first  attempt  at  predicting 
the  expected  THO.  Table  4  shows  the  expected 
currents  that  return  to  the  generator  from  these 
loads.  These  data  were  computed  under  the  same 
conditions  as  those  in  table  3.  "he  currents  shown 
in  table  4  are  by  no  means  insignificant:  if  allowed 
to  flow  through  the  structure,  they  would  cause 
considerable  interference.  One  way  to  control  the 
propagation  of  such  structure  currents  is  to  provide 
isolation  for  all  nonlinear  equipments.  Although 
this  works  well  in  controlling  structure  curents, 
the  extra  weight  and  expense  to  provide  this 
isolation  are  prohibitive. 


Table  3.  Comparison  of  Measured  and  Predicted  Values  a* 
Total  Harmonic  Distortion 

the  Shipboard  Data 
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Figure  13.  Model  of  the  43.2-kW,  400-Hz  shipboard  power  Distribution  System 


Table  4.  Predicted  Emission  Currents  Returning  to 
Generator  From  the  Shipboard  Data 


Frequency  (Hz) 

Current  (A) 

2000 

7.0 

2300 

3.9 

4400 

1.6 

5200 

1.1 

CONCLUSIONS 
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CROSSTALK  COAXEAl  'RAHSMISSI C-'<  SVS7£.«S 
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Moore  School  of  Electrical  Engineering 
University  of  Pennsylvania 
Philadelphia.  PA  191 04-6390 


The  crosstalk  between  two  parallel  braided 
shield  coaxial  cables  is  examined.  A  comparison  is 
•iade  between  the  existing  transmission  line  model, 
traditionally  used  for  analyzing  such  coupling,  and 
a  new  integral  equation  formulation.  Measurements  of 
the  far-end  crosstalk  (FEXT)  were  made  and  the 
correlation  of  this  data  with  these  two  theories  is 
discussed.  In  particular,  it  was  found  that,  at  high 
frequencies,  the  integral  equation  approach  was  much 
■ore  accurate  at  predicting  the  crosstalk  than  trans¬ 
mission  line  theory. 

1 .  Introduction 

Models  currently  available  in  the  literature 
■‘dr  describing  crosstalk  between  two  parallel  coaxial 
cables  are  based  on  the  premise  that  tne  coupling 
cccurs  via  a  two  wire  transmission  line  wnicn  consists 
df  the  cable  shields  [1-5].  For  the  case  where  the 
shield  ends  are  shorted  together,  measurements  of  tne 
'ar-eno  voltage  transfer  ratio  up  to  a  frequency  of 
1  3Hz  have  oeen  reported  and  this  data  agrees  with  tne 
theoretical  calculations  [2].  The  measurements,  how¬ 
ever,  were  performed  only  for  small  cable  separations 
and  no  attempt  was  made  to  determine  the  crosstalk  as 
a  'unction  of  cable  separation. 


also  infinite  in  length,  but  is  braided  only  over  a 
finite  section  of  length  L.  The  rest  of  the  receptor 
cable  snield  is  solid  metal.  In  general  the  radii  of 
the  cables  need  not  be  equal ,  but  are  assumed  as  sucn 
for  analytical  convenience.  Also,  the  shield  radii  are 
assumed  to  be  small  with  respect  to  a  wavelength  such 

that  k  a<xl  where  a  is  the  shield  outer  radius  and  k 
o  0 

is  the  free  space  propagation  constant.  In  addition, 
any  currents  induced  along  the  outside  of  the  cable 
shields  are  assumed  to  be  circularly  symmetric.  These 
assumptions  comprise  the  thin  wire  approximation  and 
as  a  consequence  of  this  we  need  only  consider  electric 
field  components  parallel  to  the  cable  axis. 

Throughout  this  paoer  a  time  dependence  of 
■J'Oijwt)  is  assumed,  but  suppressed. 


ransmission  _ine  solution  * 
Shield  Torrents 


or  t-e  o<: er 


In  transmission  line  crosstalk  theory  tne 
smelds  of  tne  two  cables  are  treated  as  a  two  wire 
line  and  this  two  wire  line  is  driven  by  *1eld  leakage 
from  the  source  cable.  This  leakage  is  -ooelec  by  a 
distributed  voltage  and  current  source  along  the  two 
wire  line  [3],  In  the  present  case  both  cables  are 
infinite  in  length  and  these  sources  are  given  by 


In  this  paper  the  crosstalk  between  two 
coaxial  cables  is  calculated  based  on  a  new  contept. 
Lamely,  the  shield  of  a  coaxial  cable  can  be  modeled 
as  a  transmitting  linear  antenna  with  driving  sources 
on  this  antenna  arising  from  electric  and  magnetic 
•'ield  leakage  through  the  shield.  'he  crosstalk  be¬ 
tween  two  coaxial  cables  is  then  calculated  using  an 
■ntegral  equation  approach. 

2 .  Formulatio"  of  the  Problem 

In  developing  a  theoretical  model  for  the 
crosstalk  between  coaxial  cables,  the  ’dealized 
configuration  of  Fig.  1  is  considered.  This  configura¬ 
tion  was  chosen  because  it  exhibits  a  number  of  the 
basic  principles  involved  with  such  couoling.  Here 
tne  source  cable  'S  infinite  in  length  and  its  outer 
conductor  is  a  'lexibie  braid.  The  receptor  cable  is 


E(z)  *  2tIsexo(.jsz) 


J(z)  =  -YsexB1-i;z)  2 

respectively,  where  2  is  the  Sur'ace  trans'er 
impedance,  x  is  the  transfer  admittance,  ,’s  'S  tne 

current  amplitude  along  the  inside  Surface  o'  tne  source 
cable  snield,  t %  is  the  amplitude  of  the  voltage  3l"e-- 

ence  between  the  snield  and  the  center  conductor  pf  t~e 
source  cable,  i  is  tne  propagation  constant  -ns-oe  t-e 
cable,  and  losses  along  tne  ‘nsioe  of  tne  source  cable 
are  assumed  to  be  negligible. 

'he  expression  'or  tne  current  pi s tr’but : on 
along  a  transmission  I’ne  excited  by  pistr-butea 
sources  ’S  well  xn own  and  ’s  given  by  .6] 


oeai’ced  !n'-nite  laole  Ion'- :„rat ■ on. 


’5  c  -F  z..  2  ,exb‘ -■ z ; 
■  v  c  os 


where  2  -s  tne  characteristic  '-Deoance  o'  fe  two 
wire  line  consisting  of  the  cable  sveiss,  ■  *•.*«,  "> 
tne  orcoacaf’on  constant  o'  tne  two  wire  ’'re.  and 


:t-  r 
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z  r 

PcUi  ■  e.*p(vs)J(s!ds 


Qc(2)  -  -f 


exo(-is)J(s)ds 


eq.  s  5  ana  131  fpr  fe 
eq .  '1  ..e  obtain 


.e  E  .  =  -^  -  <  ’'A 


In  using  this  solution,  initially  the  cables  are 
assumed  of  length  L.  After  a  solution  is  obtained  the 
limit  is  taken  such  that  L  goes  to  infinity. 

Using  eq.  ’s  (1) .  (2) ,  and  (A)  through  (7)  in 
eq.  (3),  the  transmission  line  solution  for  the  ex¬ 
ternal  shield  current  is  obtained  as 

-I  Z  jk 

r „(z)  =  — L— — -  -  f-Z  J3]exp(-jaz)  (8) 

t  k  A  2  z  t  OS 

o  os 

In  obtaining  eq.  (8),  since  the  losses  are  small,  any 
terms  proportional  to  a  are  neglected. 

A.  Integral  Equation  Solution  for  the  Induced 

External  Shield  Currents 

In  the  integral  equation  approach  the  source 
:able  is  "odeled  as  a  thin  linear  antenna  with  driving 
,durces  on  this  antenna  resulting  from  the  coupling 
■ecnanisms  of  Z£  and  Y£.  These  sources  excite  currents 

jlong  tne  outside  of  the  source  cable  shield  producing 
:n  external  field  which  is  impressed  on  the  receptor 
:able  smeld.  This  impressed  field  in  turn  induces  a 
.urrent  along  the  outside  of  the  receptor  cable  snield 
ind,  tnrougn  tne  mechanisms  of  Z£  and  Y  .  voltages  are 

nduced  on  the  inside  of  the  receptor  cable. 

Note  that  the  current  induced  on  the  receptor 
: ib 1 e  shield  causes  a  field  to  be  impressed  back  on  the 
;ource  cable  shield  and  this  interaction  between  the 
-wo  cables  must  be  taken  into  account,  'his  is  accom- 
:!isned  by  simultaneously  solving  a  pair  of  coupled 
ntegral  equations  for  the  currents  on  both  cables. 

To  derive  the  required  integral  equations  we 
tart  with  the  magnetic  vector  potential,  ’he  relatton- 
nip  between  the  magnetic  vector  potential,  which  arises 
:-e  to  the  current  on  a  small  diameter  cable  shield  or 
fin  wire,  and  the  correspondi ng  longitudinal  electric 
-■eld  is  gi  /en  by  [7] 


r1 


-.nd  at  the  surface  of  a  thin  wire  we  have  [7] 


Since  the  braided  shields  are  considered  to  oe 
ocd  conductors  any  fields  at  the  surface  due  to  a 
.  ..mace  ’■’'oeoance  can  oe  neglected,  'he  oounaary  con- 
: *  t •  on  at  the  sjr^ace  of  t"e  source  caole  smeld  ’S 


-pro  i"  s  tne  ■'^Dressed  *;eid  due  to  ’eaxage  th^jan 
"e  source  caole  smeld.  £„,.,  ’5  the  cor^esocnd’ nc  n. 
>ced  #'e id  tfr on  tne  external  sn’eld  c-*r»-erts  ,  and  £  „  r ; 

a  tne  ‘-Dressed  *’eld  wmch  ar’ses  due  to  the  currents 
-i-aced  on  tne  receptor  caDle  sme-d.  SuDsti t ut’ "g 


0  Z  r  jr  jr  zl 


wnere  A  ^  is  tne  '"agnetic  vector  potential  due  to  the 

external  current  on  the  source  cable  snield,  and  A  . 

z2 

is  the  magnetic  vector  potential  due  to  the  external 
current  on  the  receptor  cable  shield.  A  simi’ar  equa¬ 
tion  for  the  receptor  cable  shield  is  also  obtained. 

In  this  case,  however,  weak  coupling  is  assumed  and  the 
field  leakage  from  the  inside  to  the  outside  of  the 
receptor  cable  is  neglected.  Therefore,  we  nave 


k  2  *  L  i_  r  1-, 

o  '  z2  r  ;.r  '■ r '  z  1 


Under  the  thin  wire  approximation  the 
magnetic  vector  potentials  are  given  by  '7] 


zz  o  J-r 


L  h  =• 


*«.  ■  L  ■  ■  ‘ 


G-xZ.s)  = 


2  2-1  2 
exoi -Jk3L . s-z ;  *  r 

A-ts-z.r  *  1 


2  2.i  ‘2 

exp- -jk  „  .s-z.1  *  a 

0 


Air L  .S-Z)'  *  a  ; 


Substituting  eq.'s  '1A)  and  ’5i  into  ea . 1  s  '2  ana 
13)  and  rearranging,  tie  cauplea  ftegral  aquarians 
for  the  external  snield  currents  are  bbta-req  as 


-  *o r  t**-e  externa  $me  o  :Jr'‘ert3  ..  3pc  •- 

s  accorp  ’  -  shea  oy  wS-rq  rc  > e t'-ans  *pr-s .  i  c 

•ntegrals  are  :cnvo1jt'3n  n:e:r a's  tr>e,r  ^c^r-er 
: -ans for*ns  are  eas’’y  cotai^ed.  '"ere'’:',9,  burner 
trans^or^inq  ed .  "2,  ard  :ance:’,r*g  -te  “actors  or 

oot"  s  oes  :*  t^e  ecuat’om  we  obtain 


$ 

s* 

il**d 


1 


TD  8055 


i>i  M  1.1  r(.l i  I 4I1JU  11.  ifvtli.  ii  r.l  *>|At  •*»  «.|  *»§*.§«»-»,»  Ui'ttal 


I  ,;*)H  [a--]  ♦  I,i«)H,[r-:]  =  E  ,k)  20) 

10  2  0  Z1 

2  2  2  2  2 
wnere  E  *(k  -k  )  is  positive  when  kQ  xk  ana  negative 

2  2 

imaginary  when  k^  --k  .  The  transform  variables  are  k 

and  z  and  a  t i 1  da  over  a  quantity  denotes  its  Fourier 
transform.  A  similar  analysis  of  eq.  (19)  results  in 

[,(k)Ho[rr]  *  i2(k)Ho[a£;]  =  0  (21) 

In  obtaining  eq.'s  (20)  and  ^1)  the  formulas 


fro™  3  -’"if*1 


frl™  ■  :Ho[rr:  -  lH][rr] 


have  been  used.  Here  and  H,  are  zero  and  first 
0  1 

order  Hankel  functions  of  the  second  kind. 

Expressions  for  I^U)  and  I.,(z)  are  obtained 
by  solving  eq.’s  (20)  and  (21)  for  ].(k)  and  I?{k)  and 

Averse  Fourier  transforming.  The  actual  expressions 
depend  on  the  form  of  E  . ( Z T •  but  in  general  are  given 

ay  2! 

1  r  E,v;k^H«tk>F;]exp(jk2) 

:,-.z)  =  -4._c  -L  -M - - 2-dk  (24) 

'  0  2'  L  •;2[(H0[rnJ)Z  .  (H0Car])Zj 


I2':;  *  X'eo  57  / 


E2i(k)Ho[rQexp(jk,)  dk,i?s1 


-  (H,t4Ci)  ] 


In  order  to  obtain  explicit  expressions  for 
I yZ)  and  I j { 2 )  the  impressed  longitudinal  electric 

•'ield  sources  along  the  outside  of  the  source  cable 
snield  must  be  determined. 

Recall  that  2  is  the  ratio  of  the  resultant 

electric  field  on  one  side  of  the  shield  to  the  current 
"lowing  on  the  oooosite  side.  Therefore,  the  mechanism 
of  the  surface  transfer  impedance  directly  gives  rise 
to  an  impressed  longitudinal  electric  field  along  the 
outside  of  the  shield.  For  the  present  case  this  is 
given  in  eq.  (1).  Jpon  taking  the  Fourier  transform 
)f  ' )  we  have 


Substituting  this  expression  into  eq.'s  (24)  and  ,25) 
ina  -ntegrating  we  obtain 

Z.!  n  [a-:,]exp(-j22) 


.  «  Z  ,  - 


•  c^o ^2">  -  '-wn 


"••'s-iji.rr2Jex0(  -J iz' 

■:i:Ho:r'2:)i  •  VK2 


Eq.'s  2T)  and  , 23)  are  the 


e-oressions  "or  tne  sjr'ace  trans"er  --Deca-ce  ::r- 
tribution  to  the  externa)  shield  currents. 

Since  the  integral  equation  approach  reaumes 
on  excitation  in  terms  of  an  impressed  longitudinal 
electric  field,  and  tne  effect  of  the  transfer  ad¬ 
mittance  is  typically  modeled  using  a  distributed 
current  source,  it  is  necessary  to  find  an  equivalent 
impressed  electric  field  source  to  account  for  the 
transfer  admittance. 

To  this  end,  consider  the  configuration 
shown  in  Fig.  2.  This  consists  of  a  coaxial  cable  of 
length  L  suspended  at  a  height  H  over  an  infinite 
ground  plane.  The  cable  height  is  small  compared  to 
a  wavelength  such  that  the  shield  and  ground  plane 
constitute  a  second  transmission  line.  For  computa¬ 
tional  convenience  the  shield  ends  are  assumed  to  be 
terminated  to  the  ground  plane  in  the  characteristic 
impedance  of  this  second  transmission  line.  However, 
this  does  not  affect  the  generality  of  the  conclusions 
obtained  from  the  following  discussion. 


jhOUNP  e'.AME 


/  /  /  ,  /  /  /  / 


Fig.  2.  Theoretical  configuration  for  calculating  the 
equivalent  voltage  used  in  determining  tne  v. 

contribution  to  the  external  shield  currents. 

The  coaxial  cable  is  driven  at  one  end  and. 
through  the  mechanism  of  the  sur"ace  transfer  imped¬ 
ance  and  the  transfer  admittance,  energy  is  coupled 
from  the  coaxial  cable  into  the  secondary  line. 
Presently  we  are  only  concerned  with  the  transfer 
admittance  contribution. 

Initially  the  coaxial  cable  is  assjmed  to  5e 
perfectly  shielded  except  over  a  short  section  of 
braid  centered  at  z*z'.  The  distributed  current 
source  is  then  well  approximated  by  a  delta  "unction 
source  of  strength  z ’ ) Y^expi -;$z ’ ) jr.Here  a  pnase 

‘actor  has  been  included  "or  future  convenience. 

'he  current  distribution  's  calculated  using 
the  current  source  part  of  eq.  ,3).  Therefore  we  nave 


exo(-j3z' ) 


expijk^.z'-Zl 


-exDljk  z-z ' 1 

0 


-he  current  distribution  of  ea.  v29‘  nas  a 
Current  ^lowing  n  bDDOsite  directions  away  *ron  tne 
source,  oroducing  a  total  current  of  zero  at  z-z' 
now  wish  to  obtain  an  eauivalent  voltage  source  *m:r 
will  oroduce  this  same  current  distribution.  Intui¬ 
tively,  we  require  a  source  wmcn  is  oosit've  m  sicn 
at  z-z‘ *  an a  negative  at  z-z'-.  but  zero  at  z-z'.  Ine 
-‘unction  wmcn  satisfies  these  conditions  ’s  the 
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derivative  of  a  aelta  function. 


Consider  then  a  voltage  distribution  of  the 


V  (z)  *  A6 '  ( z-z  ‘ )  it. 


impressed  on  the  transmission  line  at  z=z‘  where  A  is 
a  constant  to  be  determined.  Using  the  voltage  source 
portion  of  eq.  (3),  the  current  distribution  is  ob¬ 
tained  as 


!U)  *  2-^jko 


exp( jk0(z-z ' ) 


In  order  for  the  current  distributions  of 
eq.  (31)  and  eq.  (29)  to  be  equal  we  must  have 


exp( - juz ' ) 


Note  that  for  the  external  transmission  line  k 


wnere  C  is  the  external  capacitance  per  unit 
e 


length  between  the  cable  shield  and  the  ground  plane 
anq  _  is  the  per  unit  length  inductance  of  the  shield 
over  the  ground  plane,  'herefore  eq.  ,32)  can  be 
written  as 


exp(-jBz')  *  -VjSjCjexp( - j 9z ' )  (33) 


wnere  C .  is  the  internal  capacitance  p*r  unit  length 
inside  the  cable. 


Fourier  transforming  eq.  (30)  and  using  eq. 
,33)  we  have 


Vs ( k)  x  -jkV1Ssexp( -jaz- ) 


Substituting  this  into  eq.'s  (24)  and  (25)  and  inte¬ 
grating  first  over  z'  and  then  over  k,  we  obtain 


!,;z)  =  ^ 


/sJiCo'Var2>,pt'J;z! 


°  5|[(Ho[re2])<  .  (Ho[ae2])^ 


v. ;»C  fi  [rr  ]exp(  -jiz) 


tjtiHjCr^lr  -  (h1C*£2j)‘; 


Eq.'s  ,35)  and  (36)  are  the  transfer  admittance  con¬ 
tribution  to  the  external  snield  currents. 


3elationsmp  3etween  Transmission  line  Theory 
and  the  Integral"  Equation  Approach 


\f  the  integral  equation  approach  is  -ore 
general  than  transmission  line  theory,  then  the  trans¬ 
mission  line  '•esults  snould  oe  contained  in  the  *nte- 
;ral  equation  results,  ~o  snow  that  this  is  indeed 


tne  case  cefine  two  new  currents  I  and  I  as  fpllows: 

d  c 


-  i,;. 2 


is  called  the  differential  node  current  and  ;  is 


called  the  common  mode  current.  The  reason  £or  using 
this  nomenclature  becomes  clear  when  we  solve  , 37 )  ana 


(38)  for  I,  ana  I  : 


I.  *  I  -I 
1  c  d 


r2  =  Jc 


Thus,  Ic  is  the  in  phase  current  component  on  the  two 


cable  shields  ( i . e . .  in  the  same  direction)  and  I.  is 

d 


the  180°  out  of  phase  component  (i.e.,  in  oooosite 
directions) . 


Adding  eq.  (27)  to  (35)  and  (28)  to  (36)  ana 
substituting  these  into  eq.'s  v 39 )  and  (40)  we  obtain 


■d  1 


'VZosj£Cb:e0(-’ia! 


0  s  -  H,[ai,;: 


;t-;osJiCbetp,--zl 


-c\  h  ^  *•  h  a"  ' 

'2C  2lJ'Z'  I Li'2JJ 


Using  the  small  argument  approximation  for  rt  ,  recall¬ 


ing  the  expression  for  V  ,  and  noting  that  C  =>u  2.. 

t  e  o  o  j  . 


eq.  (41)  reduces  to 


ZJ* 

r  J _ ®  -  v 


Eq.  (42)  is  identically  equal  to  eq.  '3),  the  expres¬ 


sion  for  I{.  Therefore,  the  transmission  line  externa 


shield  current  is  just  the  differential  mode  current 
obtained  in  the  integral  equation  aDDroacn. 


Internally  Induced  .'o’taqes 


Given  the  induced  external  current  on  the 
receptor  caole  shield  the  voltages  induced  along  the 
inside  of  the  receptor  caDle  can  oe  calculated  using 
transmission  line  theory.  In  the  present  case  cpudI'" 
to  tne  interior  of  tne  receotor  caD’e  only  cakes  place 
along  the  oraiaea  portion  of  iengtn  L.  Also,  since 
cable  is  infinite  in  length,  it  is  matcned  pn  the 
inside  at  z=0  and  z*l.  under  these  conditions  the 
near-end  and  far-end  voltages  are  given  by 


•!°>  *  Air  -:t  * -Vo  e<0'-J“L:-5 


respectively,  wnere  '  ’s  tne  j’-Dl’tuce  z*  t ”e  ext 
snield  current  calculated  ..sing  either  transmission 


B 


I  1  '»*•  ■'  4 


Vjr iV4V|V| 
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line  theory  or  the  integral  equation  approach. 

Plotted  in  Fig.  3  is  the  far-end  crosstalk 
as  a  function  of  frequency  for  separations  of  5,  10. 
20.  and  40  cm.  The  dashed  lines  denote  transmission 
line  results  and  the  solid  lines  correspond  to  the 
integral  equation  results.  Theoretical  values  for  Z 

and  Y  are  used.  These  can  be  found  in  reference  [6]. 

According  to  transmission  line  theory  the  crosstalk 
increases  with  frequency  at  a  rate  of  20dB/ decade. 

The  integral  equation  result,  however,  increases  at  a 
rate  of  20d8/decade  only  at  low  frequencies  and  small 
separations.  When  the  frequency  increases  to  a  point 
where  the  separation  is  greater  than  about  a  tenth  of 
a  wavelength  the  crosstalk  predicted  by  the  integral 
equation  approach  begins  to  decrease. 


Fig.  3.  Far-end  crosstalk  in  the  infinite  cable  case 
for  RG58  coaxial  cable.  The  dashed  and  solid 
lines  correspond  to  transmission  line  theory 
and  the  integral  equation  approach,  respec¬ 
tively.  The  corresponding  cable  separations 
are  denoted  on  the  right. 

In  Fig.  4  is  shown  the  far-end  crosstalk  as 
a  function  of  separation  for  frequencies  of  10,  100, 
and  500  MHz.  According  to  transmission  line  theory  the 


-AOv.-  icr3 


Far-end  voltage  transfer  ratio  as  a  function 
of  cable  seoaration  rn  the  infinite  cable  case, 
"he  dashed  and  solid  lines  correspond  to  trans¬ 
mission  line  theory  and  the  integral  eauation 
approach,  respecti vely .  The  cable  type  is 
3G58  and  the  interaction  length  is  1  meter. 
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crosstalk  is  greater  the  mgner  the  frequency,  'ms 
occurs  regardless  of  separation,  'he  integral  equation 
approach,  however,  exhibits  this  oehavior  only  -or 
small  separations.  At  larger  separations,  according  to 
the  integral  equation  approach,  the  crosstalk  decreases 
with  increasing  frequency. 

7.  Experimental  Procedure 

In  order  to  verify  the  theory  FEXT  measure¬ 
ments  were  made  on  an  “infinite''  cable  configuration. 
The  experimental  setup  is  shown  in  Fig.  5.  Infinite 
cables  were  simulated  using  ferrite  rings  along  the 
cable  ends  to  eliminate  end  reflections  of  the  external 
shield  *urrents.  By  eliminating  the  end  reflections 
only  traveling  wave  external  shield  currents  are 
present  and  therefore  the  experimental  setup  approxi¬ 
mates  the  ideal  configuration  of  Fig.  I. 


Fig.  5.  Experimental  setup. 

The  source  cable  consisted  of  a  6m  length  of 
RGS8/U  coax  with  ferrite  rings  placed  along  1.5m  pf  the 
cable  at  each  end.  The  rinqs  were  s Paced  '5  cm  arart 
except  at  the  ends,  where  six  rings  were  placed  close 
together.  The  receptor  cable  consisted  of  three  sec¬ 
tions:  a  lm  length  of  RG58A/U  coax  in  the  middle  and  a 
2.5m  solid  shielded  cable  section  on  eacn  end.  Ferrite 
rings  were  placed  on  the  solid  shielded  sections  «un 
the  same  spacing  as  on  the  source  cable.  The  source 
cable  was  driven  at  one  end  with  a  signal  generator 
and  the  coupled  signal  was  measured  at  the  opposite 
end  on  the  receptor  cable  using  a  soectrum  analyzer. 
Both  cables  had  matched  terminations. 

The  results  of  FEXT  measurements  for  separa¬ 
tions  of  5,  10,  and  20  cm  are  shown  in  Fig.'s  6a,  6b, 
and  6c,  respectively.  Theoretical  curves  of  the 
integral  equation  approach  and  transmission  line  theor;. 
are  also  plotted.  Measured  values  of  Zf  and  Y,  were 

used  for  the  theoretical  curves.  At  the  lower  *re- 
quencies  the  measured  data  increases  at  a  rate  of  30 
dB/decade  as  predicted  by  both  theories.  At  the 
higher  frequencies  the  data  tracks  very  well  with  the 
integral  equation  result  but  falls  off  rapidly  from 
the  transmission  line  results. 

3.  Conclusions 

In  this  pacer  an  integral  eauation  approach 
has  been  developed  for  analyzing  coaxial  cable  cross¬ 
talk.  The  major  difference  between  this  new  aoproacn 
am  traditional  transmission  line  theory  is  in  the 
determination  of  the  external  shield  currents.  In¬ 
herent  in  the  transmission  line  theory  approach  *s 
the  assumption  that  the  induced  currents  on  the  two 
caole  shields  are  equal  in  magnitude  and  opposite  ' n 
sign.  That  is,  only  the  differential  mode  current  's 
considered.  The  integral  eguation  approach  considers 
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!c) 

rig.  6  rar-end  crosstalk  in  the  infinite  caote  case 
for  SG-58  coaxial  caole.  the  clashed  and 
solid  lines  corresoond  to  transmission  line 
theory  and  the  integral  equation  approach, 
-esoecti vel y .  "he  rectangles  are  experi¬ 
mental  values,  'he  interaction  length  is  lm. 

oath  the  differential  node  and  the  coranon  mode 
current.  At  small  seoarations  the  differential  node 
current  'S  dominant  and  the  two  theories  give 
amoarable  '“suits.  ror  large  seoarations,  however, 
tne  common  node  and  the  differential  node  current  are 


of  tne  sa-e  order  and  doth  -ust  ce  mc'.aet  •-  tne 
ana  1/si s . 

Although  the  measured  crosstalk  at  low 
frequencies  is  higher  than  that  preaicted  by  both 
theories .  Over  the  whole  frequency  range  the  experi¬ 
mental  data  tracks  well  with  the  integral  equation 
approach.  In  particular,  as  the  separation  is 
increased,  the  integral  equation  approach  correctly 
predicts  the  fall  off  of  the  crosstalk  at  high  fre¬ 
quencies. 

The  infinite  caole  configuration  discussed 
in  this  paper  was  chosen  because  it  gives  good  physica 
insight  into  the  coupling  mechanisms.  Although  the 
results  presented  here  apply  to  a  specific  configura¬ 
tion,  the  general  approach  can  be  applied  to  other 
configurations  as  well.  In  particular,  its  applicatic 
to  resonant  configurations  will  be  discussed  in  a 
future  publication. 
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Abstract 

A  theoretical  model  is  presented  for  an 
adapter  to  be  used  for  grounding  the  external  shield 
of  a  cable  to  a  plate  it  penetrates.  The  model  shows 
good  agreement  with  measurements  up  to  at  least  S00 
MHz. 

1 .  Introduction 

The  Shield  Ground  Adapter  fSGA)  is  a  device 
for  bypassing  undesired  induced  currents  on  the  outer 
conductor  of  a  shield  or  cable  to  a  conducting  surface 
through  which  it  passes - 

eigure  1  gives  a  functional  diagram  of  the 
configuration.  Vertical  electric  fields  intercepted 
by  tne  cable  induce  external  currents  on  the  shield. 

*e  assume  tne  area  below  the  cable  penetration  is  in 
a  perfectly  snielded  area,  i.e.,  tnere  is  no  penetra¬ 
tion  of  tne  area  by  the  external  field  except  at  the 
exposed  cable  penetration.  "he  energy  intercepted  is 
pr’^ar’ly  scattered  by  the  part  of  the  cable  exposed 
to  the  field.  The  SGA  will  cause  induced  current  to 
flow  radially  from  the  exposed  cable  over  the  upper 
surface  of  the  conducting  plate.  Skin  depth  principles 
will  apply  to  the  current  in  this  surface.  At  HF 
almost  all  current  will  appear  within  a  fraction  of  a 
millimeter  of  the  surface. 


£»p«t«e  caai* 


itself.  Z$  and  must  be  estimated  using  transmission 

line  theory.  If  the  exposed  cable  is  represented  as  a 
vertical  antenna  above  a  ground  plane.  Z$  would  be  the 
driving  point  impedance  at  the  conducting  surface, 
where  the  cable  enters  the  adapter  and  v  the  open 
circuit  voltage  at  this  point. 


♦*— *•  -  -  -  •VVW'A-  ■ 


e*g.  Z.  Equivalent  circuit  pf  snield-grpund 


adapter  and  connected  caoles. 

Zp  represents  a  possible  shunting  effect  *n 
the  SGA  itself  or  in  tne  cable  to  the  smeid  o*  wmcn 
the  SGA  maxes  contact,  "hese  effects  are  piscusse--  *n 
detail  in  par.  11.  In  the  discussion  that  ’ mmeci  ate'. y 
follows,  the  possible  existence  of  Z^  »s  ignored. 

2.  "he  Exposed  Cable 

The  exbosed  cable  can  exist  m  either  a 
terminated  or  unterminated  condition,  i.e.,  st  :an  be 
connected  to  a  separate  'ground"  return  or-'t  can  be 
left  open  circuited  on  the  mast  of  the  snip,  while 
the  method  of  termination  may  be  Quite  significant  at 
lower  frequencies,  at  higner  frequencies  ’ t  's  ’ess 
important. 

At  low  frequencies,  if  the  exoosed  table 
"floats"  the  source  impedance  Z$  will  be  a  n’gniy 

capacitive  reactance.  If  ’t  1 S  'grounded'  so  as  to 
form  a  looo  above  deck  Z$  will  be  an  ’nductwe 

reactance.  In  this  case,  at  sufficiently  ’  ow  fre¬ 
quencies  the  current  Educed  will  be  ! -mi ted  by  the 
cjdIc  shield  resistance.  At  higner  frequencies.  tne 
mcuced  currents  may  be  limited  by  cable  'nductance. 

At  still  mgner  frequencies,  whether  the  cable  s  ccen 
circuited  or  snort  circuited,  the  -"duceo  currents  "ay 
be  duite  'arge  3ue  to  resonance  effects. 


r,g.  * .  runctional  schematic  diagram  *or  smeld- 
;rounq  adapter. 

r,gure  Z  snows  an  equivalent  circuit  -ode'  of 
the  adapter  ana  connected  cables,  "he  parameters  Z_ 

ano  2.  represent  impedances  as  seen  looking  into  :ne 

:aoles  ’eaamg  away  from  the  aoapter  and  i  ’s  an 

equivalent  source  voltage,  "he  moedances  Z.  .  Z  . 

au  ag 

anq  Zj,  represent  an  equivalent  circuit  of  tne  adapter 


3.  Measures  of  Effect1 »enes$ 

"*e  snreidmg  e# fecti  veness  of  the  33A  s 
-cst  s ’ mo  1 y  stated  ‘n  :er-s  of  the  current  c.oassed 
to  :*e  conducting  plate  by  tne  adapter  Ignoring  2^ 

•n  r  ;.  Z.  one  can  calculate  tne  effect'  .eness  to  :e 
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ine  theory  must  be  applied  and  measurements  of  Z__  and 

ag 


In  actual  use  the  cab’»  shield  on  the  output 
side  of  the  SGA  is  connected  to  ground,  so  that  at  low 
f-equencies  Z^  consists  of  the  caple  shield  resistance 

ana  inductance.  At  higher  frequencies,  transmission 

nts  of  Zirt 
ag 

Because  of 

this,  measurements  may  be  more  meaningful  for  charac¬ 
terizing  the  SGA  if  made  with  a  terminated  (e.g.  50 
ohm)  transmission  line  structure  constituting  ZL-  Such 

measurements  can  be  made  at  frequencies  up  to  above  1 
GHz . 

irfiCft  tne  50  onm  termination,  the  SGA  attenua¬ 
tion  becomes 


be  isolated  to  the  greatest  extent  possible  by  placing 
the  SGA  in  a  coaxial  configuration  as  shown  on  Pig.  3. 
This  figure  shows  5  transmission  lines  corresponding  to 
the  distances  shown  as  l,  .  I,,  l..  and  i_.  On  the 

1  2  3  4  5 

input  side  line  1  is  loaded  with  lines  2  and  3  in  senes, 
and  on  the  output  side  line  4  is  loaded  by  line  5.  The 
input  side  is  assumed  driven  on  the  left-hand  side  and 
the  output  side  is  terminated  on  the  right-hand  side, 
either  in  a  short  circuit  or  in  the  characteristic 
impedance  of  line  5.  The  former  is  perhaps  most  repre¬ 
sentative  of  actual  conditions,  especially  at  low  fre¬ 
quencies,  but  the  Utter  condition  gives  more  uniform 
results  for  measurement  of  SGA  parameters. 


(2) 


rs  50. 

4.  Model  Impedance  Characterise cs 

The  elements  Z  .  Z  .  and  Z  ,  of  the  SGA 
au  ag  a 

itself  can  be  expected  to  have  only  resistive  compon¬ 
ents  at  the  lower  frequencies  of  ’nterest.  As  the 
frequency  increases  reactive  comoonents  will  appear. 

'o  set  orders  of  magnitude  at  1  mhz  copper  nas  a 
surface  resistivity  of  3.30038  ohms  per  square  and  a 
sun  oeoth  of  3.3067  cm  or  2.7  mils,  for  a  radial 
flange  witn  an  inner  radius  of  1/2"  and  an  outer  raaius 

of  3/4"  the  resistance  of  Z  would  be  approximately 
ag 


*s  the  surface  resistivity  in  ohms  per  square 

;  is  the  radial  length  of  the  fUnge 
w  is  the  circular  length 


3  30038 


-  2 


’"e  attentuat’on  would  then  be  given  by  .ignoring  deotn 
pf  penetration  effect, 


H 

U 

7  *\  T  *  s  * 

■ 

• 

5  x  ’3° 


33  *  :0J  •  130.4  dB 


Pig.  3.  Model  of  shield-ground  adapter 
with  coaxial  conf i gurat’ on . 

The  coupling  Detween  input  and  output  secfpns 
is  assumed  to  occur  across  the  flange  separating  i-nes 
2  and  4.  Initially,  coupling  between  lines  3  and  5  s 
assumed  negligible  because  of  the  wide  thicknes-s  o'  tne 
barrier  plate  separating  them.  This  assumption  -ay 
require  further  consideration  depending  on  the  -etnod 
used  to  mount  the  SGA  to  the  Darner  plate. 

One  way  of  estimating  the  coupling  due  to  the 
flange  is  to  use  the  model  snown  in  c'g.  4  and  to 
calculate  the  resistance  of  the  'large  taxing  mto 
account  the  distribution  of  current  density  with  ceoth 
in  the  'lange.  The  resultmq  coupling  can  be  expressed 
in  terms  of  a  transfer  tmoecance  defined  as  tKe  '■at'O 
of  the  voltage  impressed  on  the  dutput  T,ne  to  tne 
current  in  the  input  line. 

Schelkunof''  nas  calculated  the  transfer 
moedance  per  umt  length  for  s  thin  «a''ea  tube  is 


""e  correspond! ng  transfer  -moedance  would  be  96.4 
:3  .  ~>r  '  3C  4  :9  5GT.1  with  a  short-ci  rcui  ted 

Cutp jt  cade  i*  "esistance  A,,  the  attenuation  would 

re 


5  .  iPui  'ent  I-rcjlt 

"he  • dent' *'  cation  pf  a  -ofe  exact  ec.  .‘ent 
•:-’t  '0”  the  5GA  requires  a  careful  ana’,s- 
*^nt  patterns  an  :*e  structure  pf  the  3GA  i.  *e 1  ’ 
tie  nstal'ation  tself.  Parameters  :*  tne  iGA  cm 


. :  -.:J- 


bn/"s  mete'- 


-nere  a  -s  the  raoius  of  the  tube.  -  's  ts  t"’:»"ess, 

:  s  **ie  conduct '  v  i  ty  ana  :  'S  tKe  sx'n  :ect"  *'terc- 
■  nq  tvs  'or-ula  to  disc-snacea  ‘'ance  '.•ie  -ea" 

••adi  ^s  r  corresponds  to  a  and  .r  corrp^ccncs  to  fe 
‘engtn . 

"me  tr3nsfer  -noeoance  t*us  oecc-es 


L - L— 


IwIHM  •*  SO*  c •*««*•»  <•■<•  «>•*) 


^5\ 


finflliM  ,.«wj 


Sc  A  (WHIM'**)  fr««t  •  i*vj 


*i  g.  4.  Internal  construction  of  SGA  connector. 

"hus  the  voltage  applied  across  the  mout  to  •  i 4  *s 
;#IJJ?.  wnere  I,R  is  the  total  current  at  tne  end  of 

) • ne  2. 

Now  if  V ( 0 )  is  the  I’ne  voltage  at  Z-0^,  then 
Z  cosh  .  i-Z)  ♦  Z  Sinn  • 1  *.-Z) 

iu:  ■  no)  ^  V]nh  ..  ■  a) 

L  0 


t  qj  :9  :osh  -  , i *Z )  *  Z,  smn  •  .1-1) 

1  ~  cosh  “  •  C  S'n'n  ,i 


<*ne^  ■'  *s  the  'ength  of  a  'me  of  character*  ,ti c 
-oedance  Z^  'oaded  with  an  i-oedance  Z.  and  propaga¬ 
tion  constant  ».  rrom  i3,  and  9}  the  ’nput  mpedance 


from  these  eolations  one  can  obtain  relations  between 
currents  at  various  parts  of  the  configuration,  for 
example,  the  ratio  of  the  current  at  the  left  end  of 
line  2  to  that  at  the  right  end  of  line  2  is 


Lines  2  and  3  present  a  ’cad  ’impedance  to  line  1  of 


rrom  this  moeaance  the  input  current 
#Ound  *  'Om  9 1 ,  1  e. 


and  the  ratio  of  the  current  on  me  left  end  to  that  on 
the  ri gnt  end  of  line  ‘  •  s 


cosn  i,  *  t~”  smn  ,,i, 
1  1  -ol 


7.  Output  Line 


It  is  comon  to  treat  the  discontinuity  at  the 
point  of  coupling  between  ’ines  4  and  5  as  a  mismatch  *n 
wni ch  -Sing  £q.  10) 


-.4  fc-5  “o5  r 


Z  .  cosh  .  ■  •  :  .  sinn 

•S  0  S  oo _ 


‘o5  5  5 


Z  :psh  .i  ♦  Z^  sinn  ,i 
“3  !  cosn  ■  !  smn  .  i 


6 .  >e  Input  k.’ne 

I  ’"e  ’S  ter-1  n«t»d  ’n  1  Short  : "  r  C  u  1 1 
•  ts  ’ hp jt  ^cedance  'S  ;■ ven  py  »-om  id.  ’0  ioove. 


and  correspondingly , 


i.  laicjlamon  pf  Snie'smg  E**ev-ti  veness 

At  *‘reouencies  n?m  enough  *or  starp?«g  waves 
to  e«’st  on  tne  various  transmission  -res  there  s 
ocss’p'e  ambiguity  m  the  "eas-re  of  e##ect* ve«ess  *:r 
me  SGA.  aecenomg  on  «nere  t^e  :^r-ent  s  ~eas-reo. 

'0  ^ecuce  ceoenaence  :n  -nout  mo  output  mans-i$S’on 
’«es  ‘,T,es  '  ana  51  as  ~uch  as  poss*ble  :ne  cou'o  -se 
me  rjt*o 


WWW 


iwvcy, 


v-v'-v'.  <v  a.  v_y*  • f ,  wv  y 
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Now  I5L  is  equal  to  I4R  and  I,R  ■  I2(_-  current 
I1R  is  related  to  the  impressed  voltage  on  line  4  Oy 


Z„  cosh  y4i4  v  Zo4  sinh  v4t4 
From  (7)  and  the  discussion  following  it: 


V  *  7  I 
V4L  t  l2R 

and  from  (12)  we  have 


hence,  *7)  becomes,  using  (19)  and  (20): 

e  -  :i*  ‘zl  ,  c°s"  'z-z  ,  cosh  'a 


Now,  *rom  9) 


-04  Z.s  cosh  ,4t4  -  Zo4  s.nn  ^ 


S.F  -  f-  (22) 

t 

"he  snaoe  of  the  flange  is  shown  on  Fig.  4.  It  is 
noted  that  the  part  between  the  inner  and  outer  con¬ 
ductors  of  transmission  lines  2  and  4  consists  effec¬ 
tively  of  9  separate  conducting  fingers.  Calculations 
of  the  dc  resistance  are  made  as  follows: 


’sc  fin<>'r  ’ 


2.8  <  10  :./m 

2 . 6  ti 

2.1  Tin 

3.381  mm 


3  '*inger  ■  7. 44  *  10  .1 

3C 


4  'ingar 


3.26  x  ’0  .3 


9.  Mutual  Inductance 

In  addition  to  coupling  from  the  resistance  • 
of  the  flange  of  the  S&A,  there  is  mutual  inductance 
due  to  the  triangular  shaped  gaps  in  the  flange.  This 
permits  magnetic  field  leakage  to  couple  energy  between 
transmission  lines  2  and  4.  This  coupling  is  repre¬ 
sented  as  a  mutual  inductance  calculated  as  follows, 

by  using  formulas  for  circular  apertures  of  the  same 

4 

average  radius  as  the  triangular  shaped  holes  : 


a  »  avg.  radius  *  .  r^r  a  ^ 

m  *  magnetic  pol art zaDi 1 1 ty 
N  *  number  of  holes 

n  »  |  ^  'circular  holes)  3  4.57  t  10  ^ 


rectang .  slot) 
1 0 


-34  S’nn  Vd)  '-2!> 


Finally,  we  have  for  the  transfer  impedance 


2t  •  Zd  * 


zd  '  Rac 


{inh 


Using  these  parameter  values,  the  shielding  effective¬ 
ness  characteristic  is  calculated  as  shown  on  c:g.  5. 

The  corresponding  value  of  the  transfer  impedance  *or 
a  50  ?.  load  is  snown  as  the  dotted  curve  on  this 
figure.  On  the  figure  it  is  noted  that  the  charac¬ 
teristic  starts  out  flat  with  freauency  until  the  skin 
depth  becomes  less  than  the  conductor  thickness  at 
about  ’QQ  kHz )  with  the  snieldmg  effect- venes 3  -»acn'.~q 
a  maximum  value  at  about  500  kHz.  Above  that  frequency 
the  characteri sti c  is  dominated  by  the  mutual  inductance 
term,  the  S.E.  decreasing  as  tne  frequency  increases, 
"his  frequency  dependent  benavior  is  similar  to  that 
«mcn  occurs  for  braided  shields  on  coaxial  structures. 
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rig.  5.  Shield-ground  adaoter  shielding  effectiveness 

. I  out/ 1 i n )  vs  frequency  and  transfer 

•'•Dedance,  2 

10.  Correlation  with  Experimental  Data 

Experimental  data  obtained  to  date  on  these 
SGAs  show  the  same  trend  as  in  Fig.  5  for  frequencies 
above  about  600  kHz.  For  frequencies  below  600  kHz 
the  experimental  data  are  approximately  20  dB  higner 
than  that  given  in  Fig.  5.  The  reason  for  this  appears 
to  be  the  presence  of  other  coupling  mechanisms  which 
are  not  accounted  for  in  the  model  discussed  to  this 
point. 

1 1 .  defining  the  Equivalent  Circuit 

As  mentioned  in  the  discussion  of  Fig.  2,  a 
more  complex  equivalent  circuit  may  be  necessary  to 
account  for  actual  experimental  behavior  of  the  SGA. 

The  first  effect  considered  is  coupling  through  the 
center  conductor  of  the  shielded  cable  itself.  A 
second  effect  is  the  contact  resistance  between  the 
caole  braid  and  the  flange.  A  third  effect  is 
impedance  at  the  junction  of  the  adapter  fitting  and 
the  reference  or  ground  plane  in  which  it  is  mounted. 

ll.l  Coupling  through  the  Cable 

Figure  6  snows  the  surface  transfer  impedance 
'or  RG-2U  cable  (which  contains  a  double  braid). 
Assuming  the  3G-214  cable  itself  is  loaded  with  50  r., 
as  Ts  the  transmission  line  consisting  of  the  shield 
and  the  outer  test  ff xture  cylinder,  the  coupling  can 
be  estimated  as  'oPows.  A  current  I$  on  the  shield 

of  the  aG-214  will  produce  for  a  one  meter  length  of 
the  input  caole  Z{CIS  *olts  along  the  inside  of  the 

shield,  wnere  Ztc  s  the  surface  transfer  impedance  of 
thf;  cable  itself,  'his  in  turn  will  cause 


amperes  'n  the  center  conductor  of  the  output 


cao’e.  ’his  current  will  produce  -  volts  in  a  one 

meter  ’ength  of  the  outer  structure.  The  overall 
transfer  ’ixedance  is  tnen 


Fig.  6.  Frequency  response  of  tne  surface  transfer 
impedance  for  RG-214  coaxial  cable. 
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This  is  shown  as  a  function  of  frequency  m  -1g.  7. 
At  10  kHz 


(dB)  -  -46  -  46  -  34  •  -  126  dB'.r.) 


:  . J 


Fig.  7.  Overall  transfer  imcedance  of  3G-214  coaxial 
cable  with  a  50  onm  load  wnen  fitted  with  tne 
SGA. 

’his  corresponds  with  a  voltage  ratio  of  -'50  dB  *or 
a  ’oad  '•esi stance  on  transmission  line  5  of  50  3.  ^hen 
compared  with  -ig.  5  it  is  seen  that,  for  ’nput  and 
output  lengths  of  one  meter,  the  cable  has  a  coupling 
contribution  eQuivalent  to  tnat  of  the  SGA.  ror  ’onger 
lengths,  the  caole  itself  oecomes  the  weaxest  *4nx  *n 
the  system,  'or  examole.  if  the  ’ength  of  tne  :aole 
extends  10  m  on  either  side  of  tne  SGA.  tne  coupl’ng 
by  this  mecnamsm  increases  by  40  dB  giving  a  voltage 
ratio  of  -110  dB.  For  single  braid  cables  the 
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coupling  would  be  increased  further.  Tests  being  con¬ 
ducted  presently  are  with  a  total  cable  length  of  only 
about  6"  (15  cm). 

11.2  Flange  Contact  Resistance 

This  is  the  contact  resistance  of  the  flange 
where  it  Is  soldered  to  the  cable  braid.  Normally, 
this  is  considered  negligible  because  the  skin  effect 
will  cause  the  current  to  leave  the  shield  and  appear 
on  the  surface  of  the  flange  (with  highest  current 
density  on  the  input  side  of  the  flange).  Since  the 
conducting  surface  of  the  cable  is  a  braid,  there  may 
be  a  tendency  for  some  of  the  input  current  to  follow 
individual  braid  wires  and  not  pass  to  the  flange.  If 
the  contact  resistance  is  of  the  order  of  only  tens  of 
microohms,  the  current  would  be  expected  to  flow 
through  the  contact  resistance,  rather  than  be  shunted 
across  the  flange  by  capacitive  effects.  (For  example, 
a  capacitance  of  50  pF  has  an  impedance  of  3000  Q  at 
1  MHz.)  Accordingly,  the  transfer  impedance  between 
input  and  output  circuits  due  to  such  a  contact 
resistance  would  be  equal  to  the  contact  resistance. 

11.3  Adapter  Fitting  Ground  Plane  Junction 

Figure  8  is  a  schematic  drawing  of  the 
adapter  fitted  to  the  ground  or  reference  surface. 

'For  simplicity,  only  one  half  of  the  adapter  bi¬ 
secting  plane  is  shown.)  Experimental  evidence  has 
shown  that  the  threads  holding  the  several  parts 
together  have  measurable  contact  resistance.  The 
threads  TH  1  will  have  little  effect  on  the  adapter's 


Fig.  9.  Equivalent  circuit  at  frequencies  less  than 
(typically)  250  MHz  showing  effect  of 
resistance  of  threads  and  contacts.  Adapter 
load  resistance,  50  3. 

For  a  50  ohm  output  cable  termination  the  shielding 
effectiveness  is 

S.E.  .  £  .26 

Equations  25  and  26  are  plotted  in  Fig.  * 0  for  /alues 
of  of  5,  10  and  20  microohms.  It  is  seen  that  as 

RyH  increases,  the  variation  of  the  overall  transfer 
impedance  with  frequency  decreases. 
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cig.  8.  Detail  of  Fig.  i  showing  threads  and  contact 

resistances  contributing  to  transfer  impedance. 

overall  transfer  impedance  as  they  add  only  a  very 
small  resistance,  say  10‘5  ohms,  to  trie  load  on  trans¬ 
mission  line  3.  Compared  with  the  approximately  50  ohm 
characteristic  impedance  of  transmission  line  3,  it  will 
have  little  effect.  The  resistance  of  these  threads 
does  not  directly  introduce  a  voltage  into  the  output 
circuit.  Threads  TH2  on  the  other  hand  (and  the  con¬ 
tact  resistances  between  (1)  the  clamoing  nut  mounted 
on  threads  Th  2  and  the  ground  plate,  and  (2)  between 
the  ground  plate  and  the  outer  test  fixture  tubes), 
while  still  having  little  effect  on  transmission  line 
3,  will  directly  couple  energy  from  the  input  of  the 
adapter  to  'ts  output.  ror  frequencies  for  wnicn 
transmissiun  lines  2,  3,  and  A  are  short  compared  with 
a  quarter  wave  length  typically  up  tp  250  MHz  or 
signer),  one  has  the  equivalent  circuit  shown  in 
rig.  9.  ^om  this  equivalent  circuit  one  obtains  a 
total  transfer  ’impedance  Zj.  using  Eq.  24  and  cig.  9. 


•  •  - 


Fig.  10.  Frequency  resoonse  of  the  shielding  effective¬ 
ness  and  total  transfer  imoedance  of  the  SGA 
for  values  of  thread  resistance  of  5 ,  '0  and 
20  microohms. 

12.  Conclusions 

A  fairly  exact  model  for  a  shield  ground 
adapter  contains  a  term  for  transfer  impedance  of  the 
element  snorting  the  :able  shield  to  the  body  of  the 
connector,  plus  terms  tax’ng  account  bf  resistances  at 
threads  and  contacts  of  the  mounting  arrangement,  'he 
cao’e  sjrface  transfer  imoedance  places  an  jpper  ’imit 
cn  tne  snieldinq  effectiveness  that  can  be  obtained. 

At  *requencies  above  250  mhz  ,  transmission  line  elements 
-ust  be  included  ’  n  the  model. 
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